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Felling Forests from Afar: Quantifying Deforestation Driven by 
Agricultural Expansion and International Trade 
FLORENCE PENDRILL 
Department of Space, Earth and Environment, Chalmers University of Technology 
 
Abstract 
Deforestation is a major source of human-caused greenhouse gas emissions and the largest 
threat to terrestrial biodiversity. Most forest loss is due to the expansion of agricultural land 
use increasingly driven by international demand for food, fuel and fibre. However, there is 
still limited understanding of the extent to which different agricultural commodities are 
contributing to deforestation. It has therefore also been difficult to evaluate the role of 
international trade in driving deforestation. This dissertation aims at quantifying the 
agricultural drivers of tropical deforestation (Papers I and II) and the associated carbon 
emissions (Paper III). It further assesses the role of international trade, by following the 
agricultural commodities with embodied deforestation through international supply chains 
using trade models (Papers II and III). The results show that a few commodity types, 
primarily cattle meat and oilseed products, account for a large part of tropical deforestation. 
Much (26–39%) of the embodied deforestation and concomitant emissions were found to be 
associated with international demand (from products and services). Looking closer at the 
countries that import embodied deforestation, Paper II finds that many countries that are 
increasing their forest cover at home, import products associated with deforestation 
elsewhere, thereby offsetting about a third of their forest gains. Paper III finds that imports of 
embodied deforestation emissions for many developed countries are similar in size to their 
national agricultural emissions amounting, e.g., for the EU, to around 15% of the carbon 
footprint of an average diet. Put together, the results add to the evidence that combating 
deforestation can benefit from complementing domestic policies with measures that target 
international demand. The results also indicate that tackling deforestation and its associated 
impacts at the global level is probably even more challenging than at the national level, 
although international trade can also provide efficiency gains by optimising land use globally. 
 
Keywords: Deforestation, Agriculture, Carbon emissions, International trade, Forestry, 
Carbon footprints, Land cover, Land use, Forest transitions  
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1. Introduction 
Every year in the tropics, forests amounting to an area larger than the size of the Netherlands 
(~5–10 million hectares) are cut down or burned (Hansen et al., 2013, FAO, 2016, Curtis et 
al., 2018). This not only contributes to climate change—deforestation accounts for around a 
tenth of anthropogenic carbon emissions (Baccini et al., 2017)—but also impacts the 
livelihoods of people depending on the forest (Sunderlin et al., 2005, Chhatre and Agrawal, 
2009). Deforestation also threatens the habitats of a multitude of species, making land-use 
change the leading driver of terrestrial biodiversity loss (Newbold et al., 2015, Barlow et al., 
2016, Tilman et al., 2017, IPBES, 2019). These impacts, along with the attention brought to 
the persistently high deforestation rates in the tropics, have sparked multiple international 
commitments, both in the public and private sectors, urgently seeking to reduce pressures on 
forests. The New York Declaration on Forests, endorsed by many governments and 
companies alike, aims to halve deforestation by 2020 and halt it by 2030. Even more 
ambitiously, the United Nations’ Sustainable Development Goals (SDGs) aim to halt 
deforestation already by 2020. The United Nations Framework Convention on Climate 
Change (UNFCCC) has developed REDD+ (Reducing Emissions from Deforestation and 
forest Degradation) as a mechanism to support climate change mitigation, providing results-
based financial incentives to developing countries that keep forests standing. The European 
Commission is currently (2019) looking into ways of stepping up the European Union action 
on deforestation. In the private sector, multiple companies are making “zero-deforestation” 
pledges and looking over their supply chains in order to rid them of products causing 
deforestation (Newton et al., 2013, Grimard et al., 2017, Gardner et al., 2018, Lambin et al., 
2018).  
 
Though reducing deforestation on the global scale is clearly an important concern, like all 
land-use change, deforestation is a matter of trade-offs: When do the benefits provided by the 
new land use outweigh the downsides of the lost forest? (Of course, the full range of impacts, 
positive as well as negative, is rarely possible to quantify.) Deforestation may improve the 
livelihood for the farmer who clears a patch of forest to provide food for their family and 
community. At the larger scale, much of the world’s agricultural land—which now makes up 
over 40% of the vegetated land area (FAO, 2017, Poore and Nemecek, 2018)—was at some 
point in the past deforested and now supplies us with food, feed, fibre, fuel, and more. Instead 
of seeking to avoid deforestation entirely, addressing deforestation is rather a question of how 
we can better understand when, where, and under what circumstances the benefits of opening 
up land for, e.g., agriculture, outweigh the costs—environmental and social—of doing so 
(DeFries et al., 2004, Foley et al., 2005, Goldstein et al., 2012, Grau et al., 2013, Mehrabi et 
al., 2018, Meyfroidt, 2018).  
 
To tackle deforestation, it is therefore important to understand why and how it is happening. 
Currently, most deforestation is due to expanding agriculture and forestry (Hosonuma et al., 
2012, Curtis et al., 2018), fuelled by increasing demand for food, energy and fibre (Gibbs et 
al., 2010, Alexander et al., 2015). And this demand is expected to continue to increase: the 
world’s population is increasing in both numbers and affluence, and ever more people 
consume ever more animal-based products (which are particularly land-intensive) (Godfray et 
al., 2010, Wirsenius et al., 2010, Foley et al., 2011, Tilman et al., 2011, Willett et al., 2019). 
There is also a growing demand for land to produce bioenergy, in attempts to reduce the 
greenhouse gas emissions resulting from the reliance on fossil fuels (Miyake et al., 2012, 
Popp et al., 2014, Creutzig et al., 2015). At the same time as demand is increasing, the 
patterns of demand are becoming more complex and spatially disconnected from the supply, 
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as products are increasingly traded internationally, often in multi-stage supply chains 
(Lambin and Meyfroidt, 2011, Yu et al., 2013, Wood et al., 2018). Such distant 
interactions—between the demand from human systems and the environmental impacts in 
natural systems—are sometimes called telecouplings (Liu et al., 2013, Friis et al., 2016). It is 
therefore vital not only to consider the causes of deforestation at the point of production, but 
also to understand where—and for what purpose—the demand is arising. 
 
However, despite increasing international trade in agricultural and forestry commodities 
(Kastner et al., 2011a, Yu et al., 2013, Kastner et al., 2014), the understanding of the patterns 
of demand for commodities driving tropical deforestation has been limited. A reason for this 
is the lack of pan-tropical data on which commodities are associated with deforestation. The 
overarching aim of this dissertation is to identify, in more detail, the causes of deforestation 
in the tropics. More specifically, the papers in this dissertation aim to: 
 
• Quantify to what extent the expansion of different crops, pastures and tree plantations 
are contributing to deforestation (and related CO2 emissions) in tropical and 
subtropical countries, by examining what land uses follow deforestation, and which 
agricultural commodities are expanding where deforestation is occurring. 
 
• Determine the relative role of domestic and international demand have in driving 
deforestation, and further examine the role of international trade in redistributing 
pressures on forests. 
 
Paper I deals primarily with the first aim, in seeking to use currently available, spatially 
explicit global datasets (maps) for investigating to what extent forest loss is followed by 
cropland and pasture expansion. While all the included papers also discuss limitations of 
current methods and data to represent the drivers of deforestation accurately, this is a main 
focus of Paper I.  
 
Paper II and III deal with both the aims presented above. In Paper II, deforestation is 
attributed to agricultural and forestry commodities, while Paper III further quantifies the 
carbon emissions resulting from the land-use change and attributes these to commodities. 
Papers II and III then use trade models to trace the impacts (deforestation and deforestation-
related CO2 emissions, respectively) “embodied” in production of these commodities to final 
consumption. This helps identify which countries are large consumers of products associated 
with deforestation and determine the relative role of domestic demand compared to 
international demand (which, among other things, has implications for the potential of 
different types of measures for preventing deforestation). The use of trade models also makes 
it possible to take a consumption-based perspective on deforestation and put imports of 
embodied impacts into the context of consuming countries. 
 
This dissertation introduction begins with a background section, introducing some main 
concepts relating to deforestation and its causes, as well as ways of advancing our 
understanding of those causes. This is followed by a synthesis of the results from the included 
papers, along with a summary of the approach used. A discussion then highlights the key 
contributions of this dissertation and the relevance of the results. Finally, the papers 
themselves are included. 
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2. Background 
2.1 What is deforestation? 
Before setting out to determine the causes of deforestation, a key point is to decide what to 
consider as deforestation in the first place. This, in turn, depends on what we consider to be a 
forest.  
 
In land system science, it is common to distinguish between land cover and land use. While 
land cover is a biophysical description of the properties of the land (e.g., what type of 
vegetation is there; are there any buildings and roads?), land use describes how, and/or for 
what purpose(s), the land is used by people (Gregorio and Jansen, 2005, Lund, 2006). This 
distinction between land cover and land use is also fundamentally important when discussing 
forests and deforestation: How we define what constitutes a forest will determine where we 
consider deforestation to have taken place.  
 
So, what is a forest? Not surprisingly, it depends on who you ask: there are several hundred 
official definitions (Lund, 2006). Some definitions rely on the intended use (the land use), 
whereas others rely solely on biophysical properties (the land cover), such as degree of 
canopy cover, tree height and sometimes patch size. One reason for the multitude of forest 
definitions is the lack of clearly defined natural thresholds for canopy cover threshold and 
patch size (Sexton et al., 2016). A couple of commonly used forest definitions include:  
 
• the FAO Forest Resources Assessment, which uses: “land spanning more than 0.5 
hectares with trees higher than 5 meters and a canopy cover of more than 10 percent, 
or trees able to reach these thresholds in situ. It does not include land that is 
predominantly under agricultural or urban land use” (Keenan et al., 2015, FAO, 
2016) and  
• the UNFCCC, whose definition allows countries to use minimum canopy cover 
thresholds ranging from 10 to 30% (UNFCCC Conference of the Parties (COP), 
2002).  
 
It is also worth noting that a piece of land considered a forest using land-use based definition 
might not have any actual tree cover (e.g. it might be a recently cleared rotation forest which 
is intended to regrow). Vice versa, a piece of land considered a forest using a land-cover 
based definition might not be considered a forest according to some land-use definitions (e.g., 
despite fulfilling the biophysical criteria, an oil palm plantation is not considered forest by the 
UN Food and Agriculture Organisation (FAO) Forest Resources Assessment (FRA) (FAO, 
2016). Different definitions can yield wildly varying pictures on the extent of forests and 
serve different purposes; for example, a land-cover based approach will probably give a 
better insight into the carbon content of the biomass than a land-use based one (Chazdon et 
al., 2016, Sexton et al., 2016). 
 
Given that there is no clear consensus on what a forest is, there is also no clear consensus on 
what constitutes deforestation. The question, therefore, again goes back to the intended 
purpose, and there is no uniquely correct definition (Chazdon et al., 2016).  
 
For defining deforestation, there are several things to consider. As discussed above, a first 
question is whether to assess deforestation as a change in land cover or land use. These two 
perspectives are sometimes terminologically distinguished as forest loss (for a land-cover 
change) and deforestation (for a land-use change), respectively. This distinction can be 
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needed to avoid misunderstandings. For example, one of the most widely used spatial 
datasets on forest loss from Hansen et al. (2013) (available online at Global Forest Watch), 
uses a pure land-cover based definition and thus shows the loss of tree cover at the level of 
individual pixels. Some have criticised this (e.g., Tropek et al., 2014), as it includes felling 
within rotational forest and plantations, which—from a land-use based perspective—is not 
considered deforestation. Whatever definition of deforestation one chooses to use, it is 
essential to ensure that any data used are in line with this, or—perhaps more realistically—to 
at least be aware of where discrepancies occur and account for such limitations when 
interpreting results.  
 
If using a land-cover based definition of forest loss, other considerations include deciding on 
a canopy-cover threshold for delineating forests prior to their loss and what type of canopy-
cover reduction should count as forest loss. For example, is it forest loss if (a) canopy cover 
is reduced by a certain amount (such as by 20 percentage points from 50% to 30%); (b) the 
definition changes from forest to not forest; (c) canopy cover falls below a(nother) specific 
threshold; or (d) only if the canopy cover is entirely removed? In this dissertation, forest loss 
refers to complete removal of tree cover exceeding 5m height and 25–30% canopy-cover 
threshold (in the year 2000). Deforestation is used to refer to a land-use change, i.e., where 
forest loss is attributed to a subsequent land use (e.g., cropland, pasture or tree plantations). 
 
When considering impacts that forest changes have on, e.g., carbon stocks or biodiversity, it 
is also worthwhile remembering that deliberate deforestation is not the sole change that 
happens to forests. Smaller changes (for example, from a higher to a lower canopy cover not 
captured by a given definition of forest loss), as well as changes in management, can also 
have a large impact (see, e.g., Erb et al. (2017a)). On a longer time scale, deforestation to date 
may itself lead, together with other contributions to climate change, to future forest loss (i.e., 
a positive feedback): its contribution to global and local climate change may bring about 
further forest loss or disturbance caused by changing temperature and precipitation patterns, 
and by more extreme events, e.g., droughts, flooding and fire (Lawrence and Vandecar, 2014, 
Nobre et al., 2016, Zemp et al., 2017). 
 
2.2 What are the causes of deforestation? 
The question of what causes deforestation and other land-use changes can be answered in 
many ways, and at multiple levels. Ascribing deforestation to a single cause is rarely 
sufficient. Deforestation, or any land-use change for that matter, typically depend on complex 
interactions between human/socio-technical and natural/ecological dynamics at multiple 
levels (Geist and Lambin, 2002).  
 
In the context of deforestation, it is common to distinguish between direct (or proximate) 
drivers and underlying (or indirect) causes of the land-use change (Geist and Lambin, 2002, 
Meyfroidt, 2015). At the most immediate level, an actor decides to change the use of land 
from one purpose to another. For example, a farmer buys a plot of forest to convert it into 
pasture for grazing cattle. In this case, we might say that the expansion of pasture (or demand 
for beef) caused the land-use change. This would be an example of direct land-use change (or 
a direct driver of land-use change). But this is of course only part of a much wider—and far 
more complex—story, which can span multiple domains. In our simple example above, the 
reason that our farmer bought a new plot of land might not be an increased demand for cattle 
after all. It might “simply” be that the farmer needed to find new land for their grazing cattle 
because their previous grazing land was bought up by, e.g., an agribusiness wanting to meet 
increased demand for soy or bioenergy (or responding to increased regulation preventing 
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production somewhere else). This is sometimes called indirect land-use change, or iLUC 
(Lapola et al., 2010, Ostwald and Henders, 2014, Richards et al., 2014). However this is still 
not the whole story, and there are lots of unanswered questions: Did changes to the prices of 
land, or of beef and soy, affect the decisions of the farmer and the agribusiness? What 
influenced those prices and profitability? Why is the farmer a farmer and not working with 
something else? Moreover, who wanted the soy and the beef in the first place? In short, the 
direct land-use change did not happen in a vacuum but was probably influenced by several 
underlying causes arising from demographic, economic, cultural, policy/institutional and 
technological factors (Geist and Lambin, 2002, Hertel, 2018). The causes may also have 
originated far from the deforestation itself. Telecouplings and unintended effects can come 
into play (Liu et al., 2013, Bruckner et al., 2015, Eakin et al., 2017). An example of this is 
leakage, where an environmental policy intending to reduce land-use change in one location 
triggers it in another, reducing the intended effect of the policy (Meyfroidt et al., 2018). The 
potential underlying causes of deforestation can, therefore, be many, perhaps combining in 
causal chains (or pathways) (Lambin and Meyfroidt, 2011, Meyfroidt, 2015, Meyfroidt et al., 
2018) and the further up the causal chain, the more difficult it is to establish the causality.  
 
The dominating direct driver of tropical deforestation is agriculture; other direct drivers are 
the expansion of infrastructure, mining and urbanisation, though their contribution is 
typically minor (Hosonuma et al., 2012, De Sy et al., 2015, Curtis et al., 2018). (In other parts 
of the world, e.g., Europe, agricultural land is being abandoned, sometimes followed by 
reforestation (Kauppi et al., 2006, Benayas et al., 2007, Estel et al., 2015).) When it comes to 
the agricultural drivers of deforestation, a few commodities, such as soy, palm oil, beef and 
also wood products (including charcoal and firewood), are particularly important and are 
sometimes referred to as “forest-risk commodities” (Rautner et al., 2013, Henders et al., 
2015). (Although demand for wood also leads to expansion of forests/tree plantations, e.g., in 
Asia (Hyde et al., 1996, Foster and Rosenzweig, 2003, Meyfroidt and Lambin, 2011).) 
Despite this general picture, for many countries, we do not know in detail which type of 
commodity production expands into which forests, or how extensively. 
 
This dissertation focusses on identifying the agricultural and forestry land uses expanding at 
the expense of forests across the tropics. The papers included primarily seek to identify the 
direct drivers of deforestation in terms of agricultural land uses (Paper I) and agricultural and 
forestry commodities (Papers II and III), although the model and scale of the data used in 
Papers II and III do not fully distinguish between direct and indirect land-use change. 
 
2.3 How can we learn about the causes of deforestation? 
There are many ways of learning about the causes of deforestation, ranging from local case 
studies with interviews and surveys in the field, to global-scale studies relying on models, 
remote sensing and/or other data, such as agricultural statistics (Rounsevell et al., 2012, 
Kuemmerle et al., 2013, Verburg et al., 2015, Margulies et al., 2016) and initiatives for 
improving supply chain transparency (Grimard et al., 2017, Gardner et al., 2018). The use of 
trade models is becoming increasingly popular for learning about the linkages between 
international demand and distant environmental impacts (Tukker et al., 2018a). Papers II and 
III in this dissertation are among the first to apply trade models for studying deforestation and 
deforestation emissions. This section gives a brief overview of remote sensing data and trade 
models as tools for learning about the causes of deforestation. 
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2.3.1 Satellite remote sensing 
The possibilities of satellite remote-sensing data are continuously improving through new 
sensors and satellites, enhanced processing capabilities, and increased availability and 
openness of data (Finer et al., 2018). These developments have led to a flurry of new datasets 
on, for example, land cover, biomass, and, to some extent, land-cover changes. The papers in 
this dissertation all rely on datasets based on satellite remote sensing, seeking to make use of 
these advancements to study the causes of deforestation.  
 
Remote sensing typically makes use of electromagnetic radiation, actively or passively. Just 
looking at something with our own eyes can be considered a simple form of remote sensing. 
More typically, the term refers to the use of a sensor that, as in the case of satellite remote 
sensing, detects the intensity of radiation within a narrow range of wavelengths emanating 
from the Earth (or, indeed, another celestial body) (Campbell and Wynne, 2011). These 
intensity values are gathered in a collection of pixels, which can be used to create images of 
the area, such as a true colour composite combining data collected in visible wavelengths. 
This remote sensing permits surveying larger (or remote) areas of the Earth than would 
otherwise be feasible. However, the advantages of satellite remote sensing do not stop there: 
using and combining different wavelengths—and not necessarily only within the visible part 
of the spectrum—can enhance detection of certain features even better (Campbell and 
Wynne, 2011). For example, near-infrared wavelengths are useful for distinguishing the 
chlorophyll of vegetation (Tucker, 1979). When it comes to remote sensing, several types of 
resolution are therefore relevant: spatial (i.e., the pixel size), temporal (how frequently the 
satellite passes over and collects data) and spectral (the number and width of the wavelength 
bands sampled) (Campbell and Wynne, 2011). Typically, trade-offs exist between these 
properties (or with costs): a better spatial and spectral resolution is generally comes at the 
cost of poorer temporal resolution (or by using more expensive sensors or multiple satellites). 
 
A common further step in using remote sensing data is to convert the intensity values into 
data that tell us something further about the area we are interested in, such as the type of land 
cover, the land surface temperature, the elevation, or the above-ground biomass. For 
continuous variables, an algorithm could be used to “translate” the intensity values into 
values of the variable of interest (e.g., based on training data points where the value of the 
variable is known). For data with categories, like land cover maps, this is done by classifying 
the data, i.e., identifying and then labelling groups of pixels that are similar in a way relevant 
for the purpose at hand, such as distinguishing pixels with forests from those with bare 
ground (Campbell and Wynne, 2011). Somewhat simplified, this entails using an algorithm to 
label pixels with similar spectral properties (e.g., high intensity values in one wavelength 
range, low intensity in another). In the resulting classified map (dataset), each pixel is 
assigned to a single class, although sometimes several classes and percentages are assigned 
(Campbell and Wynne, 2011). The classification requires that the classes one wants to 
separate are sufficiently distinct in the set of wavelengths used. This can sometimes be 
challenging, e.g., in some regions, pasture and cropland have resembling spectral properties, 
thus making them difficult to differentiate (Müller et al., 2015). 
 
It is good practice to also assess the accuracy of the resulting classification (Olofsson et al., 
2014). A set of validation/reference/”ground truth” data, for example from field visits, higher 
resolution data or crowdsourcing, provides independent classifications for a number of 
locations (pixels) (Olofsson et al., 2014, Wulder et al., 2018). For each pixel, the 
classification in the validation set is compared with that of the main map/dataset. The 
comparison results are compiled in an error/confusion matrix (Table 1 gives an illustrative 
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example), quantifying how many in each class were correctly classified or not. (In doing this, 
one assumes the validation set to be entirely “true”, which is generally a simplification 
(Foody, 2002, Olofsson et al., 2013).) The data in the confusion matrix are commonly 
summarised to estimate the overall accuracy (i.e., number of correct pixels divided by the 
total number of pixels), and often also producer’s- and user’s accuracies for each class (Story 
and Congalton, 1986, Foody, 2002). The producer’s accuracy expresses what share of the 
pixels was correctly classified; in the example given in Table 1, the validation data had 100 
forest pixels, of which the classified map correctly identified only 75, so the producer’s 
accuracy for forest would be 75%. The user’s accuracy expresses the share of pixels that are 
what the map classification says they are (Story and Congalton, 1986); in the Table 1 
example, only half of the pixels the map classifies as forest were indeed forests (75 of 150), 
giving a user’s accuracy of 50%. (These concepts are related to errors of omission and 
commission, respectively). The different types of accuracies can vary quite a lot between 
each other and between classes (as seen in Table 1), so the reliability of the map can depend 
considerably on which classes are of interest for the purpose at hand.  
 
Table 1. An illustrative example of a simple error matrix. 
    Validation set   
    Forest Not forest Total User's 
Classified 
map 
Forest 75 75 150 50% 
Not forest 25 225 250 90% 
Total 100 300 400 
   Producer's  75% 75% 
 
Overall: 75% 
 
Overall accuracies of existing global- and continental-scale land cover and forests datasets, 
such as the Hansen et al. (2013) and GlobeLand30-2010 data (Chen et al., 2015) used in the 
papers of this dissertation, commonly lie around 80–90%, but there are often considerable 
differences between classes and/or biomes.  
 
With remote sensing data, capturing the biophysical properties of the land—the land cover—
is more straightforward than determining its intended use(s) (Fritz et al., 2017). Because of 
this, maps or other data products based on remote sensing generally describe land cover 
rather than land use (Comber, 2008, Verburg et al., 2011). However, despite land cover and 
land use being fundamentally distinct concepts, they are frequently confused, used loosely, or 
used in a combined manner (Fisher et al., 2005, Comber, 2008). Attempts to infer land use 
from land cover face challenges, as there is not necessarily a clean “translation” between the 
two concepts. A single land cover class might match several land-use classes (e.g., a land 
cover of grassland may be used as a park or as a pasture) and vice versa (i.e., there is a many-
to-many relationship between land cover and use). A single piece of land can also have 
multiple uses, as is the case of multifunctional landscapes (e.g., agroforestry); for example, an 
area with trees may serve simultaneously as a forest, grazing land and a recreational area 
(Fisher et al., 2005, Comber, 2008). Nevertheless, in many cases there is at least some kind of 
relationship between land cover and use, and, e.g., cropland (used for cropping) can often be 
readily identified from satellite data; in other cases, e.g., for land covered by grassland, the 
use might be more difficult to discern (Cihlar and Jansen, 2001). When it comes to maps and 
data, there have been attempts at bridging between these concepts to get closer to producing 
land-use maps, e.g., by combining different types of remotely-sensed data with additional 
information and assumptions to infer the land use (Cihlar and Jansen, 2001, Joshi et al., 2016, 
Fritz et al., 2017). Irrespective of whether a pure land-cover or land-use map are used, or 
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whether a map with a more blurred classification scheme is used, the suitability will depend 
on the match between the classification used in the dataset and the intended purpose (Verburg 
et al., 2011). 
 
2.3.2 Examples of remote sensing-based datasets relevant to deforestation 
There is an increasing number of potentially useful datasets available for learning about the 
causes and consequences of deforestation. The most immediate is a dataset by Curtis et al. 
(2018), classifying five broad drivers of forest loss: commodity-driven deforestation, shifting 
cultivation, forestry, wildfire and urbanisation. However, in general, there is a shortage of 
data on land-use change at the global level (Kuemmerle et al., 2013, Song et al., 2018). 
Recent years have seen the release of a few global land-cover change datasets (e.g., ESA 
CCI, 2017, Li et al., 2018)). These are generally constrained to a few land cover classes; for 
example, the recent, state-of-the-art Song et al. (2018) dataset distinguishes changes between 
tree cover, short vegetation and bare ground. There are also several spatial datasets on forest 
loss/change (alongside more “real-time” alerts) (e.g., Hansen et al., 2013, Achard et al., 2014, 
Kim et al., 2014, Feng et al., 2016), carbon stocks and change (e.g., Saatchi et al., 2011, 
Tyukavina et al., 2015, Avitabile et al., 2016, Baccini et al., 2017), along with many datasets 
on land cover at single or several points in time (e.g., Friedl et al., 2010, Chen et al., 2015). 
Further summaries of available land cover datasets can be found in several review studies 
(Giri et al., 2013, Congalton et al., 2014, Da Ponte et al., 2015, Grekousis et al., 2015, Pérez-
Hoyos et al., 2017).	
 
Data on land use (rather than land cover) are sparse for the tropics (Verburg et al., 2011, 
Kuemmerle et al., 2013, Müller et al., 2015, See et al., 2015), and most global and continental 
land-cover datasets do not provide much detail on the type of agriculture, and rarely separate 
pasture from cropland, and much less between different crops (Pendrill and Persson, 2017). 
While there are a couple of spatial datasets on livestock (Robinson et al., 2014) and crops 
(Monfreda et al., 2008, Fritz et al., 2015, You et al., 2017), these are limited to single points 
in time and given the speed at which agricultural expansion occurs in forest frontiers, these 
datasets provide limited information on what drives recent deforestation. There are also some 
ongoing developments, e.g., attempts to map soybean using remote sensing (e.g., Song et al., 
2017) and the US Department of Agriculture produces an annual Cropland Data Layer for 
multiple crops (Boryan et al., 2011), but these have not yet been expanded to global or pan-
tropical scales. Thus, for learning more about the relative role of different agricultural 
commodities in driving deforestation, other data sources are needed. A primary source for 
this is agricultural statistics, from, e.g., national statistics agencies or the FAO, and which 
will typically be available only for more or less aggregated spatial units, such as a 
municipality or a country. 
 
2.3.3 Spatial resolution and the drivers of deforestation 
The spatial resolution of the data used in an analysis of deforestation drivers has implications 
for how to interpret the results. When spatial resolution is high, such as with high-resolution 
datasets based on remote sensing, the land cover (or use) following forest loss may represent 
the direct land-cover change. When resolution is low, e.g., changes in the harvested area of a 
crop at country-level agricultural statistics, the analysis will not necessarily determine 
reliably what land uses are directly driving deforestation. How representative spatially 
aggregated land-cover/use change data are of direct land-cover/use changes will ultimately 
depend on how homogenous land-cover/use patterns are within that aggregation (e.g., if the 
land covers/uses expanding at national level are the same as those expanding in the places 
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where the forest loss/deforestation is occurring). In general, a higher spatial resolution gets 
closer to the direct drivers of land-cover/use change. 
 
Similarly, the spatial resolution of the datasets based on remote sensing has implications for 
what the data/values represent. For classified variables, such as a land cover map, the value 
often represents only the dominant land cover class. This entails that an area that appears 
fully forested at a low spatial resolution might show as a mix of forest and several other land 
uses at higher spatial resolution (Olofsson et al., 2014). Therefore, the poorer the resolution, 
the greater the risk of “mixed pixels” consisting of multiple land cover types (Foody, 2002). 
These can be problematic, both because the spectral characteristics can become muddled, and 
because the pixel might not adequately represent varied landscapes (Foody, 2002, Verburg et 
al., 2011). In the papers included in this dissertation, the resolution of most of the spatially-
explicit data used is fairly high (30 m), but when using data for more spatially-explicit 
analyses (e.g., those in in Paper I) mixed pixels can entail a lower accuracy at the boundaries 
between different types of land cover (Foody, 2002, Brovelli et al., 2015, Tyukavina et al., 
2015). This might be particularly pertinent here, as much of forest loss likely occurs where 
land cover is changing from one type to another (this is discussed further in Paper I). 
 
2.3.4 Following embodied deforestation and emissions through trade to 
consumption 
The previous parts of this chapter have focussed on analysing drivers of deforestation in the 
vicinity of where forests are being lost. However, there is increasing recognition that only 
evaluating impacts from the production-side can be limiting, especially when responsibility is 
to be assigned and where policies do not cover the entire system of interest (Munksgaard and 
Pedersen, 2001, Peters, 2008, Duus-Otterström and Hjorthen, 2019). A prominent example of 
this is that countries committing to reduce their carbon emissions under the United Nations 
Framework Convention on Climate Change and the Kyoto Protocol (sometimes referred to as 
Annex-I or Annex B countries) report only emissions occurring within their 
national/territorial boundaries (IPCC, 2006). There are indications that this territorial 
approach has resulted in (at least weak) carbon leakage: developed Annex-I countries seeking 
to reduce their domestic emissions tend to be net importers of embodied carbon emissions, 
thus meeting part of their consumption needs by relying on imports from (primarily 
developing) countries not covered by the emissions-reduction commitments (non-Annex I/B 
countries) (Peters and Hertwich, 2008, Peters, 2010, Peters et al., 2011, Kanemoto et al., 
2014). (However, this trend may be changing: net emissions transfers between OECD and 
non-OECD countries peaked and then plateaued after 2006, as did emissions embodied in 
both production and consumption in OECD countries (Wood et al., 2019). Still, developed 
countries do remain net importers of embodied emissions.) Also, as the capacity to act 
towards reducing impacts lies not only at the point of production but potentially also along 
the supply chain all the way to the point of consumption (e.g., by reducing demand in the first 
place), there is increasing attention brought to the value of complementing production-based 
approaches with different perspectives, including consumption-based (“downstream”) ones, 
as well as those sharing responsibility between producers and consumers (Lenzen and 
Murray, 2010, Steininger et al., 2016, Duus-Otterström and Hjorthen, 2019).  
 
Trade models enable the evaluation of impacts from consumption-based perspectives, thus 
complementing production-based assessments (Peters, 2008, Lenzen and Murray, 2010, 
Wiedmann et al., 2011). They are frequently used for calculating the embodied, upstream 
impacts associated with the consumption of a product (similar to the goal of a life-cycle 
assessment), or for looking at the trade of environmental impacts between countries (trade 
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models, in general, are also widely used outside the environmental domain) (Miller and Blair, 
2009, Minx et al., 2009, Kitzes, 2013).  
 
A common use of trade models thus lies in carbon footprinting and consumption-based 
accounting of CO2 emissions (e.g., Peters, 2008, Davis and Caldeira, 2010, Peters et al., 
2011), environmental (Weinzettel et al., 2014) and material footprinting (Wiedmann et al., 
2015), along with a range of other impacts embodied in trade, including water consumption 
(Lutter et al., 2016), biomass (Erb et al., 2009), species threats (Moran and Kanemoto, 2017) 
and health impacts of air pollution (Zhang et al., 2017). Closer to the area of interest in this 
dissertation, there have been several studies assessing land use embodied in trade (e.g., 
Meyfroidt et al., 2010, Steen-Olsen et al., 2012, Weinzettel et al., 2013). However, there have 
been very few studies of land-use change embodied in trade, and these studies are limited to a 
few countries and commodities (Saikku et al., 2012, Karstensen et al., 2013, Henders et al., 
2015). In this dissertation, Papers II and III seek to fill part of this gap, by quantifying pan-
tropical deforestation embodied in trade. 
 
By examining where the demand for the products stems from, trade models can present one 
way of beginning to “unpack” the sources of the demand behind the direct drivers of 
deforestation. We might find out from where—geographically—the demand originates. With 
some types of trade models, we can also gain information on which sector of the economy 
(e.g., cattle farming, manufacturing, or retail) generates the demand. In this way, we can learn 
more about the linkages between consumption and a range of environmental impacts 
associated with the production (Kitzes, 2013, Henders and Ostwald, 2014). 
 
The most common types of trade models used for examining environmental linkages are 
multi-regional input-output models (MRIO) and (bio-)physical trade models (Kitzes, 2013, 
Henders and Ostwald, 2014, Bruckner et al., 2015, Schaffartzik et al., 2015, Hubacek and 
Feng, 2016). Here I will give a brief and simplified introduction to input-output modelling, 
parts of which also apply to physical trade models. For a more thorough introduction, see, 
e.g., Kitzes (2013) and Miller and Blair (2009). 
 
In essence, trade models describe interrelationships between sectors and between regions 
(e.g., countries). Sectors (and regions) are not only producers of goods (outputs), but also 
consume goods (inputs) while producing their outputs (Miller and Blair, 2009). Thus, in order 
to meet a given level of final/external demand, the total output from sectors needs to cover 
not only the final demand but also the demand for intermediary products (as inputs) in 
various production sectors (Miller and Blair, 2009, Kitzes, 2013). To take an example 
(illustrated in Figure 1a), imagine a very simple economy consisting of two sectors: 
agriculture and industry. To produce output, the agriculture sector uses various inputs, both 
from its own sector (e.g., feed for cattle) and from the industry sector (e.g., machinery and 
fertiliser). These intermediary products also need to be produced, which in turn require 
further inputs, and so on, and so forth. Input-output modelling provides a way to summarise 
all of these “upstream” inputs, without double counting them, to find the total output needed 
to meet a certain level of final demand (Kitzes, 2013).  
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Figure 1.  A simplified example of input-output sector interrelationships. (a) Schematic 
illustration of two sectors consuming inputs and producing output for both final demand and 
for use as inputs in other sectors (intermediary products). The dollar values show the 
amounts of input needed to produce $1 of output to final demand. In this example, producing 
$1 of agricultural output requires $0.5 of input from agriculture as well as $0.2 from 
industry. (b) A corresponding technical coefficients matrix (A) shows the same thing. The 
technical coefficients matrix, in essence, gives a ”recipe” of the inputs needed to create $1 of 
output from each sector. Viewed in another way, A also shows the share of output from one 
sector going to another; here, for example, 10% of the output from agriculture is consumed 
by the industry sector. 
 
This is accomplished using a set of vectors, matrices and linear algebra equations, at the core 
of which lies the technical coefficients matrix, A, which describes the interrelationships 
between sectors (and regions) mentioned above (Miller and Blair, 2009, Kitzes, 2013) (an 
example is illustrated in Figure 1b). The technical coefficients matrix shows both where the 
outputs from each sector go (if reading the rows) and what inputs are needed by the sector (if 
reading the columns) (Miller and Blair, 2009). So, element aij of A shows the share of output 
from sector i that is consumed by sector j.  
 
The Leontief Input-Output model (named by its creator),  
 ! = (!− !)!!! 
 
can then be used to find the total output vector x, depending on the level of final demand 
expressed in vector y (each with one element for each sector) (Miller and Blair, 2009). (I is 
an identity matrix, and (I – A)-1 is sometimes called the Leontief matrix.) A multi-regional 
input-output analysis (MRIO) works the same way, but where each element corresponds to 
sector-region combinations, rather than just between sectors (Miller and Blair, 2009). The 
type of physical trade model used in Papers II and III also uses similar mathematics to 
describe trade between countries (export shares) by assuming that domestic production and 
imports are distributed proportionally between consumption as well as exports (Kastner et al., 
2011b). 
 
Environmental input-output analysis expands the Leontief model described above by 
accounting also for some type(s) of environmental impacts associated with the total output 
needed to meet a level of final demand (or, e.g., for a single product bought by a consumer). 
This is done by introducing (pre-multiplying by) an intensity vector listing the environmental 
impacts (e.g., tonnes of carbon emissions) associated with $1 of sector output for each sector 
(Wiedmann et al., 2011, Kitzes, 2013). 
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One central limitation shared by all trade models is therefore an assumption of homogeneity. 
All products within the same sector (or sector-region combination) are assumed to be 
exported to the same extent (that specified in A). They are also assumed to have the same 
environmental impact (per unit of measure; e.g., per dollar, in the case of MRIOs, or, e.g., per 
kilo or calorie of product, in the case of physical trade models) (Kitzes, 2013, Bruckner et al., 
2015). These are oversimplifications, further exacerbated by the fact that commodity 
categories, and sometimes also regions, are in many cases quite aggregated, especially for 
global MRIOs (Bouwmeester and Oosterhaven, 2013, Majeau-Bettez et al., 2016). For 
example, EXIOBASE3, the MRIO database used in Paper III—which is one of the global 
MRIOs with the highest resolution for food sectors—has a joint category for “other crops”. 
This category mixes cash crops (such as cocoa, coffee and tea) with subsistence products 
(such as cassava) (Stadler et al., 2018, Weinzettel and Wood, 2018), which clearly differ in 
the extent to which they are exported and quite likely also in the environmental impact of 
their production. 
 
Another limitation of trade models lies in the quality of the input data (Kitzes, 2013, Tukker 
et al., 2018b). The values in matrix A describing the interrelationships between sectors and 
countries/regions are based on observed economic data (and thus limited by the time frames 
for which such data are available) (Miller and Blair, 2009, Wiedmann et al., 2011, Kitzes, 
2013). These data are often compiled from multiple sources, which may not be using the 
same standards, introducing additional uncertainties. For transactions between sectors within 
countries, data often come from supply-and-use tables compiled by national statistics offices; 
for trade between countries, a common data source is the UN Commodity Trade Statistics 
Database (COMTRADE) (Tukker and Dietzenbacher, 2013). These vary considerably in 
quality. Those compiling global MRIOs often need to reconcile conflicting data as well as 
infer data where they are missing, and many MRIOs also have some “rest-of-the-world” 
regions, grouping together multiple countries which may differ in their trade patterns 
(Wiedmann et al., 2011, Tukker and Dietzenbacher, 2013, Tukker et al., 2018b).  
 
MRIOs and (bio-)physical trade models have several commonalities and some key 
differences. They differ particularly in the type of metric used (economic, i.e., dollars, in the 
MRIOs, versus physical units, e.g., kilograms, in the physical trade models) and in how far 
down the supply chain the embodied impacts are followed (Kitzes, 2013, Henders and 
Ostwald, 2014, Bruckner et al., 2015, Schaffartzik et al., 2015, Hubacek and Feng, 2016). 
While some physical trade models do follow embodied impacts through some re-exports 
and/or processed products (such as the Kastner et al. (2011b) model used in Papers II and III), 
MRIOs generally go further along the supply chain and continue to follow embodied impacts 
in intermediary products (as inputs) through all or most sectors of the economy (Miller and 
Blair, 2009, Kitzes, 2013). As an example, take timber from Vietnam used to make furniture 
sold to a factory in China that makes computers sold in Germany. An MRIO would attribute 
part of the embodied impacts of timber to Germany’s consumption, whereas a physical trade 
model would attribute the environmental impacts to consumption in China. 
 
The type of trade model, consequently, affects the type/level of driver that the results will 
describe, and the choice of model should, therefore, be made with consideration for the 
research questions or policy aims (Bruckner et al., 2015, MacDonald et al., 2015, Hubacek 
and Feng, 2016). Understanding the country-to-country trade flows of a physical trade model 
is more relevant for actors such as companies, investors and governments wanting to reduce 
deforestation through direct supply chain interventions (such as commodity moratoria, zero-
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deforestation commitments, and other demand-side measures). For consumption-based 
accounting, using an MRIO analysis to follow embodied impacts further through the supply 
chain to the point of final demand is more useful for understanding better the underlying 
drivers (Peters, 2008, Wiedmann and Barrett, 2013, Hubacek and Feng, 2016). Thus, the 
choice of methods for the attribution of deforestation drivers and the choice of trade model 
affects the type of driver/level of causality described. 
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3. Results 
This section synthesises the results from the papers in this dissertation. It begins with the 
attribution of deforestation to drivers, which is part of all three papers. Then follows a 
comparison of the relative role of different drivers depending on whether the focus is on 
deforestation area or deforestation emissions. Finally, results on the role of international trade 
and on consumption-based perspectives on deforestation are presented. 
 
3.1 Attribution of deforestation to drivers (Papers I and II) 
3.1.1 Approach 
Papers I and II both provide quantifications of deforestation drivers, thus contributing to the 
aim of examining the causes of deforestation in the tropics. The approach used, however, 
differs between the papers. Paper I presents a spatially explicit analysis, using global maps on 
forest loss and subsequent land cover to quantify to what extent forest loss is directly 
followed by cropland and pastures, respectively. Paper II attributes deforestation to more 
detailed groups of agricultural commodities, but at a more coarse spatial scale, using a simple 
land-balance model with input data primarily summarised to the country level. The input data 
used for Paper II include those based on remote sensing, as well as agricultural statistics. 
Both papers focus on tropical and subtropical areas (Paper I on Latin America, Paper II on 
156 countries across multiple continents). These areas are where most agricultural expansion 
into native vegetation occurs (Curtis et al., 2018) and where the impacts on biodiversity and 
carbon stocks are expected to be the greatest (Myers et al., 2000, Saatchi et al., 2011). 
 
3.1.2 Main findings 
Paper II shows that much of the deforestation for agriculture in the tropics and subtropics was 
associated with just a handful of commodities: cattle meat, palm oil and soybeans together 
accounted for more than half of the deforestation and expanding tree plantations contributed 
an additional 15%. The variation between countries is large, however. In the Asia-Pacific 
region, palm oil and forest products together account for 60% of the deforestation, while in 
many Latin American countries, cattle meat alone accounted for more than half of the 
deforestation.  
 
Paper I, with its more spatially-explicit approach, also shows large variations in the 
dominating land uses following deforestation, between countries as well as within countries. 
The most common land cover replacing forests in Latin America is pastures. While Paper I 
does capture some of the overall driver patterns, the main contribution of Paper I lies in 
highlighting some important limitations of combining global datasets/maps for assessing the 
drivers of deforestation. 
 
Table 2 shows the amount of deforestation attributed to pasture and cropland, respectively, in 
Paper I and II. Only countries included in both papers and with the highest deforestation rates 
are shown. Table 2 also compares the total (cropland plus pasture) area to the area of 
commodity-driven deforestation found in a recent study by Curtis et al. (2018). The total 
cropland/pasture area is reasonably similar in the two papers, and also all within the range of 
values reported by Curtis et al. (2018) for the same period. The differences between Papers I 
and II are larger when looking at cropland and pasture separately. Generally, less 
deforestation is attributed to grassland in Paper I than to pasture in Paper II. This difference is 
probably largely due to the incomplete separation between cropland and pasture in the dataset 
used in Paper I. (Instead of distinct classes for pasture and cropland, it has classes for 
Grassland and Cultivated land, which both include certain pasture types.) Overall, therefore, 
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the papers provide quite a coherent picture of the area of forest loss driven by the expansion 
of agriculture, but it is likely that Paper II provides a better representation of the share 
attributed to pasture and cropland (and subsequently even more detailed into commodities). 
 
Table 2. Comparison between the attribution of deforestation to agriculture using different 
approaches (data from Paper I and II in this dissertation, and from Curtis et al. (2018).) 
Country Follow-up land cover/use 
Paper I  
kha yr-1 (% of 
deforestation) 
2001–2011 
Paper II 
kha yr-1 (% of 
deforestation) 
2005–2013 
Curtis et al. 
kha yr-1 (range) 
commodity-driven 
deforestation 
2001–2013 
Brazil 
Cultivated/Cropland 589 (30%) 345 (20%)  
Grassland/Pasture 1,349 (70%) 1,235 (72%)  
Both 1,939* 1,580* 1,849 (1,040–2,910) 
Argentina 
Cultivated/Cropland 229 (88%) 199 (54%)  
Grassland/Pasture 32 (12%) 169 (46%)  
Both 261 368 294 (68–499) 
Paraguay 
Cultivated/Cropland 174 (86%) 108 (55%)  
Grassland/Pasture 29 (14%) 83 (43%)  
Both 203 191 285 (127–462) 
Bolivia 
Cultivated/Cropland 105 (72%) 62 (63%)  
Grassland/Pasture 40 (28%) 36 (36%)  
Both 146 98 169 (83–340) 
*Deforestation rates in Brazil declined considerably after 2004. As such, differences in the results between 
Papers I and II here are expected and likely largely due to the difference in time period (as less deforestation 
occurred in the 2005–2013 time period of Paper II than in the 2001–2011 time period of Paper I), rather than 
due to the methodological differences between the two papers. 
 
As noted above, the main contribution of Paper I lies primarily in discussing the limitations 
related to the use of currently available global datasets for quantifying drivers of 
deforestation, rather than in the quantification of drivers per se. First, Paper I highlights the 
need to exercise care that the classification of land cover/use matches the purpose at hand. 
The “Cultivated land” class of the global land cover dataset used (GlobeLand30) in Paper I, 
which several studies interpret and use as cropland, in fact also contains significant amounts 
of planted pastures. Second, it shows that forest loss identified by one dataset was frequently 
still identified as forest in a land cover dataset over the same area a few years later. This 
indicates that combining datasets to identify land-cover transitions can suffer from limited 
accuracy (as errors compound when maps are combined (Fuller et al., 2003)), especially in 
areas with heterogeneous land cover or small-scale forest loss. A comparison with the recent 
study by Curtis et al. (2018) possibly provides further context: In the countries reported in 
Paper I to have a large share of forest loss seemingly remaining under forest cover (e.g., 
Colombia and Mexico), shifting cultivation seems to have caused much of the forest loss. 
Forest loss was more likely to have resulted in permanent deforestation in countries that were 
reported to have a larger share of forest loss followed by grassland or cultivated land (e.g., 
Brazil and Argentina) in Paper I. 
 
Paper II also shows some areas of potential improvements. Increasing the spatial scale of the 
analysis for Brazil and Indonesia, from national-level (as used for all other countries) to 
subnational level, led to better representation of the land-use dynamics in the deforestation 
regions. The subsequent trade analysis would also benefit from improved spatial resolution, 
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but, in practice, this is currently limited by data availability on subnational trade patterns 
(Gardner et al., 2018). Coarser-grained analyses will, therefore, likely be needed to prioritise 
where acquiring additionally detailed data is warranted (Godar et al., 2016). 
 
 
3.2 Attributed deforestation compared to attributed deforestation 
emissions (Papers II and III) 
3.2.1 Approach 
While the deforestation area associated with different agricultural drivers indicates the main 
causes of deforestation, the further consequences of these land-use changes also matter. Paper 
III seeks to identify further carbon emissions associated with the land-cover change from 
forest to something else.  
 
In Paper III, the carbon emissions are quantified by estimating the changes to carbon stocks 
as a piece of land is changed from one type to another. Carbon is stored in biomass above 
ground (above-ground biomass, or AGB) as well as below ground (below-ground biomass, or 
BGB) and also in organic matter in the soil (soil organic carbon, or SOC). There can also be 
significant additional carbon emissions resulting from peatland drainage and burning in 
places where peatlands are abundant, such as Indonesia and other parts of Southeast Asia.  
 
The knowledge and data available for different carbon reservoirs vary; the best described is 
generally AGB, while there is considerable uncertainty when it comes to BGB, and even 
more so for SOC. For changes in AGB, there are multiple spatially-explicit estimates based 
on remote sensing (e.g., Saatchi et al., 2011, Baccini et al., 2012, Harris et al., 2012, Achard 
et al., 2014, Tyukavina et al., 2015, Avitabile et al., 2016, Baccini et al., 2017), which agree 
reasonably well at the continental level but diverge more at the regional level (Mitchard et al., 
2013, Avitabile et al., 2016). For BGB, most studies follow an approach similar to the IPCC 
Guidelines for National Greenhouse Gas Inventories (IPCC, 2006) combining ratios between 
AGB and BGB with typical values from the literature. In Paper III, therefore, carbon stock 
change is estimated with different levels of precision and with varying levels of uncertainty, 
ranging from 30-m remote-sensing based data on the AGB stocks prior to forest loss (Zarin et 
al., 2016) to estimates from the literature on typical SOC changes when a broad land-use 
category changes to another broad category (Don et al., 2011). Thus, while the results 
indicate the carbon emissions associated with deforestation, significant improvements to the 
estimates of carbon stock (or carbon-stock changes) would be needed to quantify the actual 
emissions associated with each land-cover change. 
 
3.2.2 Main findings 
The results from Paper II and Paper III can be used to investigate how the choice of 
indicator—hectares of deforestation versus CO2-emissions resulting from the land-use 
change—can influence the result. While the main commodities associated with deforestation-
related carbon emissions in Paper III are similar to the commodities associated with 
deforestation area in Paper II, the relative importance of countries and commodities differ 
somewhat (Figure 2). In the deforestation-area attribution, Brazil is clearly the dominating 
country (33% of the total). In the attribution of the associated carbon emissions, Brazil is still 
dominant; however, its relative role is smaller (around a quarter), while the relative role of 
Indonesia is notably larger (from around a seventh of the deforestation-area attribution, to 
almost a quarter for the carbon-emission attribution). Similarly, cattle meat is the dominant 
commodity irrespective of the indicator, but less markedly so for the deforestation carbon 
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emissions than for deforestation area. Conversely, the relative role of oilseeds is greater from 
an emissions perspective, especially for Indonesia and the rest of the Asia-Pacific region.  
 
 
Figure 2. Attribution of deforestation hectares (a) and carbon emissions (b) to commodities 
and regions from Papers II and III for the period 2010–2014. The width of a region on the x-
axes corresponds to the total deforestation area/emissions attributed to that region, whereas 
the y-axes show the relative proportion within each country/region attributed to each 
commodity group. The area of the rectangles in the figure thus represent the deforestation 
area/emissions attributed to each region-commodity group combination, and the percentages 
within them indicate each combination’s proportion of the embodied deforestation 
area/emissions. (The data for Paper II have been modified to match the commodity groups 
and set of countries used in Paper III.)  
 
In short, while the broad picture is similar concerning drivers of deforestation and its 
concomitant carbon emissions, there are some notable differences in the relative role of both 
countries and individual commodities. As such, deforestation area is an incomplete indicator 
of the carbon emissions associated with deforestation. For other impact categories, such as 
biodiversity and changes to local climate and hydrology, the differences can potentially be 
larger (and almost certainly different), making it important to be aware that single indicators 
give but a limited view on the full impacts of deforestation. 
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3.3 Role of international trade (Papers II and III) 
3.3.1 Approach 
To examine further where the demand for these commodities stem from, Papers II and III use 
trade models to trace the commodities with embodied deforestation (Paper II) and 
concomitant emissions (Paper III) through international supply chains to consumers across 
the world. 
 
In both Papers II and III, a physical trade model by Kastner et al. (2011a), (2011b) was used 
to follow country-to-country trade flows to where commodities were physically consumed as 
food or in industrial processes. Paper III additionally used a state-of-the-art multi-regional 
input-output model (MRIO), EXIOBASE3 (Wood et al., 2015, Stadler et al., 2018). The 
MRIO provides a complementary perspective by following the embodied deforestation and 
deforestation emissions further through monetary trade flows in all sectors of the economy 
(although with somewhat less detailed regional and commodity resolution). The use of trade 
models permits an examination of the relative roles of domestic and international demand, as 
well as the identification of major consumer countries and regions. 
 
3.3.2 Main findings 
Commodities with embodied deforestation area and emissions were primarily consumed 
domestically. Still, a substantial share, especially of some commodities, was destined for 
export markets and eventually consumed outside the producing country, and thus outside the 
country where the deforestation impact took place (Table 3).  
 
Table 3. The share of embodied deforestation and concomitant emissions embodied in 
international trade varies between countries and commodity groups (results from a physical 
trade model). 
 Average share of 
deforestation embodied 
in international trade 
Average share of 
deforestation emissions 
embodied in 
international trade 
Average for all 
included countries 
and commodities 
26% 29% 
   
By region   
Latin America average 24% 23% 
Asia-Pacific average 39% 44% 
Africa average 10% 9% 
   
By commodity group   
Crops 41%  40% 
Cattle meat 10% 10% 
Forestry products 25% 24% 
 
 
On average, 26% (of 5.3 Mha yr-1) of the deforestation area and 29% (of 2.6 Gt CO2 yr-1) of 
the deforestation-related emissions were attributed to international demand, using a physical 
trade approach. The somewhat lower share of deforestation area (compared to carbon 
emissions) embodied in international trade, is mostly because of cattle meat and oilseeds. 
Cattle meat, which is a relatively more important commodity from the area perspective, is 
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primarily for domestic demand (on average only 10% is exported), while oilseeds, which are 
a relatively more important commodity from the emissions perspective, are primarily for 
export (on average 62%). 
 
The share of embodied deforestation and concomitant emissions attributed to international 
demand varies significantly not only between commodities but also between countries. For 
countries in the Asia-Pacific region, near half of the embodied deforestation and deforestation 
emissions were attributed to international demand (on average, 39% and 44% exported, 
respectively), whereas for countries in Africa, the demand for commodities with embodied 
deforestation and deforestation emissions was primarily domestic (on average, 10% and 9% 
exported, respectively). 
 
The average share attributed to international demand increases to 39% if the embodied 
carbon emissions are followed further through the economy using an MRIO trade model 
(rather than the physical trade model above), as it includes more “indirect” exports in 
additional sectors. This share is substantially higher than the equivalent share in MRIO 
studies assessing fossil carbon emissions (23–26%; Davis and Caldeira (2010), Peters et al. 
(2011), health impacts of air pollution (22%; Zhang et al. (2017)), nitrogen pollution (25–
28%; Oita et al. (2016)), water consumption (24–32%; Lenzen et al. (2013)), global species 
threat (30%; Lenzen et al. (2012)), land footprint (24%; Weinzettel et al. (2013)). This is a 
key result of Paper III, which is further pronounced if looking solely at crops, where the share 
exported is 48%. Paper II shows that this high export share of embodied deforestation stems 
mainly from Brazil, Indonesia and Argentina, which are high-deforestation countries, and 
export much of their crops (27–74%) and especially those with embodied deforestation (49–
76%). 
 
A few trade flows were found to account for a large share of the total embodied deforestation 
and deforestation emissions, and the main consumers of both deforestation and related 
emissions embodied in international trade were found to be countries in Europe and Asia, in 
particular, China, India and Russia. 
 
3.4 Consumption of traded deforestation (Papers II and III) 
3.4.1 Approach 
Looking at deforestation embodied in international trade also permits widening the focus to 
include a consumption perspective on deforestation, in addition to more conventional 
production-side perspectives.  
 
For deforestation, in Paper II, we relate imports of embodied deforestation to trends and 
changes in forest cover within the importing countries. In particular, we do this in light of 
their stage of forest transition. Forest transitions is a concept used to describe where regions 
(or countries), as they develop, tend to shift from decreasing their (net) forest area to increase 
it instead (Mather, 1992, Rudel et al., 2005). Thus, we first distinguish between countries in 
different stages of forest transition, depending on their rate of forest change and current forest 
cover. We then assess whether countries that are increasing their forest cover or reducing 
their deforestation rates (i.e., countries that have gone through or are undergoing a forest 
transition), also tend to import commodities that are contributing to deforestation in other 
countries. We also calculate to what extent such imports of embodied deforestation offset the 
forest gains made by countries that have undergone a forest transition. 
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For deforestation emissions, in Paper III, we make several consumption-side comparisons. 
We compare the imports of embodied deforestation by developed (Annex I) countries to the 
size of domestic (territorial) agricultural emissions as reported to the UNFCCC. We also 
calculate deforestation/land-use change carbon footprints: per capita, for countries’ food 
consumption, and per kilogram of product, for key forest risk commodities. 
 
3.4.2 Main findings 
The results in both Papers II and II show that, from a consumption perspective, imports of 
embodied deforestation can be sizeable. 
 
In Paper II, we found that a majority (79%) of exported deforestation is consumed in 
countries that are currently increasing their forest cover (post-forest transition countries), thus 
partly offsetting some of the net forest gains made by these countries. For many countries, 
imports of embodied deforestation rivalled or exceeded domestic gains in forest area: for 
example, for India, deforestation abroad offset almost 60% of forest gains. On average, 
imports of embodied deforestation offset around a third of the net forest gains made in the 
countries that have undergone a forest transition. The net forest area saved in the post-forest 
transition countries is potentially larger, though, as imports may also have prevented 
domestic deforestation (in addition to enabling forests to expand). 
 
In Paper III, we found that, for many developed countries, the imports of embodied 
deforestation emissions are of a similar order of magnitude as the domestic emissions from 
agriculture. On average, for the Annex I countries to the UNFCCC, deforestation emissions 
embodied in imports amount to 17–31% of the reported territorial agricultural emissions. For 
key forest-risk commodities, such as palm oil and beef, we found carbon footprints from 
deforestation and peatland drainage to be in the same order of magnitude as non-land-use 
change emission footprint. The per capita deforestation carbon footprint of food consumption 
was found to be highest for Brazil (2.6 tCO2 cap-1 yr-1; primarily due to domestic beef 
consumption). For emerging economies (China, India, South Africa), the footprints are 
generally low (< 0.1 tCO2 cap-1 yr-1), while for most developed countries they lie around 0.3 
tCO2 cap-1 yr-1. For the EU, this implies that deforestation emissions constitute a substantial 
share (around 15%) of the total carbon footprint of an average EU diet. 
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4. Discussion 
The papers in this dissertation all provide insights into the agricultural drivers of 
deforestation, and Papers II and III further shed light on roles of international trade in 
redistributing deforestation pressure arising from agricultural commodity demand. 
 
The main contribution of Paper I lies in exposing some limitations in using available datasets 
on land cover and land-cover change to quantify the direct drivers of deforestation. It shows 
that an approach to quantify deforestation drivers that combines different datasets (a) will 
require careful attention to the classification schemes of the datasets and (b) is currently not 
accurate enough to identify the land-cover transitions in a satisfactory way, especially in 
places where the land cover or forest loss varies over small areas. For future research, the 
availability of spatially-explicit datasets is an area bound to progress. New satellites and 
sensors supply data with higher spatial, spectral and temporal resolution and there is 
continuous development of processing techniques (Goetz et al., 2015, Gómez et al., 2016, 
Finer et al., 2018) as well as crowdsourcing (Estes et al., 2016, Fritz et al., 2017). These 
advancements will likely aide the determination of the direct drivers of deforestation and 
forest degradation. Adequately evaluating the trade-offs of deforestation would also require 
knowledge and data to estimate economic, social and environmental effects, e.g., changes to 
carbon stocks and emissions, to ecosystem services and biodiversity, and on food security. 
After all, forest conversion can have rather different impact on the environment if it takes 
place in a highly-biodiverse or carbon-dense biome, compared to one that is less so (the 
impact will of course also depend on the type and intensity of the subsequent land use 
(Phalan et al., 2011, Kehoe et al., 2015, Newbold et al., 2015, Erb et al., 2017b)). This is also 
important in light of the lack of agreement of what constitutes a forest, and thus deforestation: 
Getting closer to the reasons for caring about land-use changes will not only improve the 
relevance but potentially also bring a clearer agreement on what is measured (Sexton et al., 
2016).  
 
Papers II and III make several contributions. While it has previously been shown that 
international trade has a large role in displacing multiple types of environmental impacts, 
Papers II and III are among the first to do so for pan-tropical deforestation and deforestation 
emissions. A key contribution of Paper III is that it shows that the share of deforestation 
emissions embodied in international trade is substantially higher (39%, rising to 48% if only 
crops are considered) than for most other environmental impacts (which typically lie around 
20–30%). This indicates that it is particularly important for efforts aiming to reduce 
deforestation and concomitant emissions at the global level to consider the role of 
international demand and trade in driving deforestation. That said, domestic demand still 
constitutes more than half of the attributed deforestation and deforestation emissions, 
implying that to successfully reduce deforestation on the global scale, demand-side efforts 
targeting international supply chains must be complemented by efforts at the national level 
(Lambin et al., 2014, Bush et al., 2015, Lambin et al., 2018). 
 
Even though the resolution of the results of Papers II and III improves upon previous studies, 
it is still quite coarse; nonetheless, the results can help point at areas to prioritise, in terms of 
commodities, regions and trade flows. A finding with implications for initiatives aiming to 
reduce deforestation is that large part of the deforestation is attributed to a handful of 
commodities (confirming findings of previous studies, e.g., Henders et al. (2015)) and trade 
flows. This indicates that supply-chain efforts to reduce deforestation that focus on specific 
commodities and/or trade relationships (such as Brazil’s Soy Moratorium and Cattle 
agreement (Nepstad et al., 2014, Gibbs et al., 2015a, Gibbs et al., 2015b) and zero-
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deforestation commitments targeting commodities such as palm oil, beef and high-value 
crops (Donofrio et al., 2017, Lambin et al., 2018, Garrett et al., 2019) may address a 
relatively large part of the deforestation and/or deforestation emissions. That said, unless 
underlying demand is addressed, there will be a risk of leakage (le Polain de Waroux et al., 
2017, Lambin et al., 2018).  
 
Given the increasing role of non-state actors and the recent focus on supply-chain 
sustainability policy as a tool for reducing deforestation (Newton et al., 2013, Lambin et al., 
2014, Bush et al., 2015, Lambin et al., 2018), furthering the understanding of how global 
supply chains link consumers across the world to deforestation and forest degradation in the 
tropics is key to advance both science and policy addressing tropical deforestation. Future 
research could further help understand more directly the causal linkages between trade and 
land-use change, though this is currently limited by the spatial coarseness of trade data and 
lack of insight into the identity of the actors involved (Godar and Gardner, 2019).  
 
Papers II and III further show some ways in which international trade redistributes pressures 
on forests. This can be relevant for global goals seeking to halt deforestation or boost 
reforestation, such as the UN SDGs, the New York Declaration on Forests, and the Bonn 
Challenge, as well as for commitments seeking to reduce greenhouse gas emissions. For 
example, Paper II shows that while some countries have successfully begun to increase their 
forest cover (or reduce their deforestation), this has partly been enabled by importing 
products from abroad, where their production is associated with deforestation (in the 
producing countries). In this case, the offset deforestation generally seems to be lower than 
the forest gains made in the consuming countries, potentially pointing to some efficiency 
gains. Evaluating the net effects of international trade would require further research; for 
example, a country relying on domestic production instead of imports may require a larger 
area to meet the same commodity demand. Further research would also be needed to draw 
any further conclusions about whether leakage is occurring, but there does appear to be a 
general need for displacing land-demanding production elsewhere in order to accomplish the 
gains in forest cover. If the goal is to reduce deforestation and increase forest cover globally, 
shifting deforestation from one country to another will not be an adequate option.  
 
Similarly, Paper III shows that the deforestation-related carbon emissions embodied in 
imports are sizeable: for many developed countries, they are comparable in size to the 
emissions within the country’s agricultural sector. For example, for the EU, imported 
deforestation carbon emissions amount to a sixth of the carbon footprint of an average EU 
diet. These imported emissions can thus be relevant to account for, e.g., when assessing the 
environmental impacts of national consumption.  
 
International trade clearly has a role in redistributing pressures on forests, though it is worth 
noting that international trade is not inherently a bane for forests. Indeed, international trade 
also brings possibilities of efficiency gains by optimising the use of land between countries 
and continents and may thus have an important role to play in reaching the global goals 
seeking to minimise the adverse impacts of deforestation (Lambin and Meyfroidt, 2011, Grau 
et al., 2013). Further research would be needed to assess the net effects of international trade, 
evaluating the relative merits of import compared to domestic production. However, it is 
clear that achieving goals to reduce deforestation (or to reduce other environmental impacts 
through reducing deforestation) at the international level presents additional challenges to 
accomplishing them at the national level. Aside from the challenges inherent in reaching 
agreement and enforcement at the international level, the results presented in this dissertation 
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indicate that the forest gains and concomitant greenhouse-gas emissions reductions achieved 
in certain countries have partly been accomplished by displacing these impacts abroad.  
 
  
24 
 
References 
 
Achard, F., Beuchle, R., Mayaux, P., Stibig, H.-J., Bodart, C., Brink, A., Carboni, S., Desclée, B., 
Donnay, F., Eva, H. D., Lupi, A., Raši, R., Seliger, R. and Simonetti, D. (2014) 
'Determination of tropical deforestation rates and related carbon losses from 1990 to 2010', 
Global Change Biology, 20(8), pp. 2540-2554. 
Alexander, P., Rounsevell, M. D. A., Dislich, C., Dodson, J. R., Engström, K. and Moran, D. (2015) 
'Drivers for global agricultural land use change: The nexus of diet, population, yield and 
bioenergy', Global Environmental Change, 35, pp. 138-147. 
Avitabile, V., Herold, M., Heuvelink, G. B. M., Lewis, S. L., Phillips, O. L., Asner, G. P., Armston, 
J., Ashton, P. S., Banin, L., Bayol, N., Berry, N. J., Boeckx, P., de Jong, B. H. J., DeVries, B., 
Girardin, C. A. J., Kearsley, E., Lindsell, J. A., Lopez-Gonzalez, G., Lucas, R., Malhi, Y., 
Morel, A., Mitchard, E. T. A., Nagy, L., Qie, L., Quinones, M. J., Ryan, C. M., Ferry, S. J. 
W., Sunderland, T., Laurin, G. V., Gatti, R. C., Valentini, R., Verbeeck, H., Wijaya, A. and 
Willcock, S. (2016) 'An integrated pan-tropical biomass map using multiple reference 
datasets', Global Change Biology, 22(4), pp. 1406-1420. 
Baccini, A., Goetz, S. J., Walker, W. S., Laporte, N. T., Sun, M., Sulla-Menashe, D., Hackler, J., 
Beck, P. S. A., Dubayah, R., Friedl, M. A., Samanta, S. and Houghton, R. A. (2012) 
'Estimated carbon dioxide emissions from tropical deforestation improved by carbon-density 
maps', Nature Climate Change, 2(3), pp. 182-185. 
Baccini, A., Walker, W., Carvalho, L., Farina, M., Sulla-Menashe, D. and Houghton, R. A. (2017) 
'Tropical forests are a net carbon source based on aboveground measurements of gain and 
loss', Science. 
Barlow, J., Lennox, G. D., Ferreira, J., Berenguer, E., Lees, A. C., Nally, R. M., Thomson, J. R., 
Ferraz, S. F. d. B., Louzada, J., Oliveira, V. H. F., Parry, L., Ribeiro de Castro Solar, R., 
Vieira, I. C. G., Aragão, L. E. O. C., Begotti, R. A., Braga, R. F., Cardoso, T. M., Jr, R. C. d. 
O., Souza Jr, C. M., Moura, N. G., Nunes, S. S., Siqueira, J. V., Pardini, R., Silveira, J. M., 
Vaz-de-Mello, F. Z., Veiga, R. C. S., Venturieri, A. and Gardner, T. A. (2016) 
'Anthropogenic disturbance in tropical forests can double biodiversity loss from 
deforestation', Nature, 535, pp. 144. 
Benayas, J. R., Martins, A., Nicolau, J. M. and Schulz, J. J. (2007) 'Abandonment of agricultural land: 
an overview of drivers and consequences', CAB reviews: Perspectives in agriculture, 
veterinary science, nutrition and natural resources, 2(57), pp. 1-14. 
Boryan, C., Yang, Z., Mueller, R. and Craig, M. (2011) 'Monitoring US agriculture: the US 
Department of Agriculture, National Agricultural Statistics Service, Cropland Data Layer 
Program', Geocarto International, 26(5), pp. 341-358. 
Bouwmeester, M. C. and Oosterhaven, J. (2013) 'Specification and Aggregation Errors in 
Environmentally Extended Input–Output Models', Environmental and Resource Economics, 
56(3), pp. 307-335. 
Brovelli, M., Molinari, M., Hussein, E., Chen, J. and Li, R. (2015) 'The first comprehensive accuracy 
assessment of GlobeLand30 at a national level: methodology and results', Remote Sensing, 
7(4), pp. 4191. 
Bruckner, M., Fischer, G., Tramberend, S. and Giljum, S. (2015) 'Measuring telecouplings in the 
global land system: A review and comparative evaluation of land footprint accounting 
methods', Ecological Economics, 114, pp. 11-21. 
Bush, S. R., Oosterveer, P., Bailey, M. and Mol, A. P. J. (2015) 'Sustainability governance of chains 
and networks: a review and future outlook', Journal of Cleaner Production, 107, pp. 8-19. 
Campbell, J. B. and Wynne, R. H. (2011) Introduction to Remote Sensing. 5th edn.: Guilford Press. 
Chazdon, R. L., Brancalion, P. H. S., Laestadius, L., Bennett-Curry, A., Buckingham, K., Kumar, C., 
Moll-Rocek, J., Vieira, I. C. G. and Wilson, S. J. (2016) 'When is a forest a forest? Forest 
concepts and definitions in the era of forest and landscape restoration', Ambio, 45(5), pp. 538-
550. 
Chen, J., Chen, J., Liao, A., Cao, X., Chen, L., Chen, X., He, C., Han, G., Peng, S., Lu, M., Zhang, 
W., Tong, X. and Mills, J. (2015) 'Global land cover mapping at 30 m resolution: A POK-
 25 
 
based operational approach', ISPRS Journal of Photogrammetry and Remote Sensing, 103, pp. 
7-27. 
Chhatre, A. and Agrawal, A. (2009) 'Trade-offs and synergies between carbon storage and livelihood 
benefits from forest commons', Proceedings of the National Academy of Sciences, 106(42), 
pp. 17667-17670. 
Cihlar, J. and Jansen, L. J. M. (2001) 'From Land Cover to Land Use: A Methodology for Efficient 
Land Use Mapping over Large Areas', The Professional Geographer, 53(2), pp. 275-289. 
Comber, A. J. (2008) 'The separation of land cover from land use using data primitives', Journal of 
Land Use Science, 3(4), pp. 215-229. 
Congalton, R., Gu, J., Yadav, K., Thenkabail, P. and Ozdogan, M. (2014) 'Global land cover 
mapping: a review and uncertainty analysis', Remote Sensing, 6(12), pp. 12070. 
Creutzig, F., Ravindranath, N. H., Berndes, G., Bolwig, S., Bright, R., Cherubini, F., Chum, H., 
Corbera, E., Delucchi, M., Faaij, A., Fargione, J., Haberl, H., Heath, G., Lucon, O., Plevin, 
R., Popp, A., Robledo-Abad, C., Rose, S., Smith, P., Stromman, A., Suh, S. and Masera, O. 
(2015) 'Bioenergy and climate change mitigation: an assessment', GCB Bioenergy, 7(5), pp. 
916-944. 
Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A. and Hansen, M. C. (2018) 'Classifying drivers 
of global forest loss', Science, 361(6407), pp. 1108-1111. 
Da Ponte, E., Fleckenstein, M., Leinenkugel, P., Parker, A., Oppelt, N. and Kuenzer, C. (2015) 
'Tropical forest cover dynamics for Latin America using Earth observation data: a review 
covering the continental, regional, and local scale', International Journal of Remote Sensing, 
36(12), pp. 3196-3242. 
Davis, S. J. and Caldeira, K. (2010) 'Consumption-based accounting of CO2 emissions', Proceedings 
of the National Academy of Sciences, 107(12), pp. 5687-5692. 
De Sy, V., Herold, M., Achard, F., Beuchle, R., Clevers, J. G. P. W., Lindquist, E. and Verchot, L. 
(2015) 'Land use patterns and related carbon losses following deforestation in South 
America', Environmental Research Letters, 10(12), pp. 124004. 
DeFries, R. S., Foley, J. A. and Asner, G. P. (2004) 'Land-use choices: balancing human needs and 
ecosystem function', Frontiers in Ecology and the Environment, 2(5), pp. 249-257. 
Don, A., Schumacher, J. and Freibauer, A. (2011) 'Impact of tropical land-use change on soil organic 
carbon stocks – a meta-analysis', Global Change Biology, 17(4), pp. 1658-1670. 
Donofrio, S., Rothrock, P. and Leonard, J. (2017) Supply Change: Tracking Corporate Commitments 
to Deforestation-Free Supply Chains, 2017. 
Duus-Otterström, G. and Hjorthen, F. D. (2019) 'Consumption-based emissions accounting: the 
normative debate', Environmental Politics, 28(5), pp. 866-885. 
Eakin, H., Rueda, X. and Mahanti, A. (2017) 'Transforming governance in telecoupled food systems', 
Ecology and Society, 22(4). 
Erb, K.-H., Kastner, T., Plutzar, C., Bais, A. L. S., Carvalhais, N., Fetzel, T., Gingrich, S., Haberl, H., 
Lauk, C., Niedertscheider, M., Pongratz, J., Thurner, M. and Luyssaert, S. (2017a) 
'Unexpectedly large impact of forest management and grazing on global vegetation biomass', 
Nature, 553, pp. 73. 
Erb, K.-H., Krausmann, F., Lucht, W. and Haberl, H. (2009) 'Embodied HANPP: Mapping the spatial 
disconnect between global biomass production and consumption', Ecological Economics, 
69(2), pp. 328-334. 
Erb, K.-H., Luyssaert, S., Meyfroidt, P., Pongratz, J., Don, A., Kloster, S., Kuemmerle, T., Fetzel, T., 
Fuchs, R., Herold, M., Haberl, H., Jones, C. D., Marín-Spiotta, E., McCallum, I., Robertson, 
E., Seufert, V., Fritz, S., Valade, A., Wiltshire, A. and Dolman, A. J. (2017b) 'Land 
management: data availability and process understanding for global change studies', Global 
Change Biology, 23(2), pp. 512-533. 
ESA CCI (2017) ESA Climate Change Initative Land Cover. Available at: 
http://maps.elie.ucl.ac.be/CCI/viewer/. 
Estel, S., Kuemmerle, T., Alcántara, C., Levers, C., Prishchepov, A. and Hostert, P. (2015) 'Mapping 
farmland abandonment and recultivation across Europe using MODIS NDVI time series', 
Remote Sensing of Environment, 163, pp. 312-325. 
26 
 
Estes, L. D., McRitchie, D., Choi, J., Debats, S., Evans, T., Guthe, W., Luo, D., Ragazzo, G., 
Zempleni, R. and Caylor, K. K. (2016) 'A platform for crowdsourcing the creation of 
representative, accurate landcover maps', Environmental Modelling & Software, 80, pp. 41-
53. 
FAO (2016) Global Forest Resources Assessment 2015: How are the world’s forests changing? , 
Rome: Food & Agriculture Organization of the United Nations (FAO). 
FAO (2017) FAOSTAT database. Available at: http://www.fao.org/faostat/en/#home. 
Feng, M., Sexton, J. O., Huang, C., Anand, A., Channan, S., Song, X.-P., Song, D.-X., Kim, D.-H., 
Noojipady, P. and Townshend, J. R. (2016) 'Earth science data records of global forest cover 
and change: Assessment of accuracy in 1990, 2000, and 2005 epochs', Remote Sensing of 
Environment, 184, pp. 73-85. 
Finer, M., Novoa, S., Weisse, M. J., Petersen, R., Mascaro, J., Souto, T., Stearns, F. and Martinez, R. 
G. (2018) 'Combating deforestation: From satellite to intervention', Science, 360(6395), pp. 
1303-1305. 
Fisher, P., Comber, A. J. and Wadsworth, R. (2005) 'Land use and land cover: contradiction or 
complement', in Fisher, P. & Unwin, D. (eds.) Re-presenting GIS, pp. 85-98. 
Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., Chapin, F. S., Coe, 
M. T., Daily, G. C., Gibbs, H. K., Helkowski, J. H., Holloway, T., Howard, E. A., Kucharik, 
C. J., Monfreda, C., Patz, J. A., Prentice, I. C., Ramankutty, N. and Snyder, P. K. (2005) 
'Global Consequences of Land Use', Science, 309(5734), pp. 570-574. 
Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., Mueller, N. 
D., O’Connell, C., Ray, D. K., West, P. C., Balzer, C., Bennett, E. M., Carpenter, S. R., Hill, 
J., Monfreda, C., Polasky, S., Rockström, J., Sheehan, J., Siebert, S., Tilman, D. and Zaks, D. 
P. M. (2011) 'Solutions for a cultivated planet', Nature, 478, pp. 337. 
Foody, G. M. (2002) 'Status of land cover classification accuracy assessment', Remote Sensing of 
Environment, 80(1), pp. 185-201. 
Foster, A. D. and Rosenzweig, M. R. (2003) 'Economic Growth and the Rise of Forests*', The 
Quarterly Journal of Economics, 118(2), pp. 601-637. 
Friedl, M. A., Sulla-Menashe, D., Tan, B., Schneider, A., Ramankutty, N., Sibley, A. and Huang, X. 
(2010) 'MODIS Collection 5 global land cover: Algorithm refinements and characterization of 
new datasets', Remote Sensing of Environment, 114(1), pp. 168-182. 
Friis, C., Nielsen, J. Ø., Otero, I., Haberl, H., Niewöhner, J. and Hostert, P. (2016) 'From 
teleconnection to telecoupling: taking stock of an emerging framework in land system 
science', Journal of Land Use Science, 11(2), pp. 131-153. 
Fritz, S., See, L., McCallum, I., You, L., Bun, A., Moltchanova, E., Duerauer, M., Albrecht, F., Schill, 
C., Perger, C., Havlik, P., Mosnier, A., Thornton, P., Wood-Sichra, U., Herrero, M., Becker-
Reshef, I., Justice, C., Hansen, M., Gong, P., Abdel Aziz, S., Cipriani, A., Cumani, R., 
Cecchi, G., Conchedda, G., Ferreira, S., Gomez, A., Haffani, M., Kayitakire, F., Malanding, 
J., Mueller, R., Newby, T., Nonguierma, A., Olusegun, A., Ortner, S., Rajak, D. R., Rocha, J., 
Schepaschenko, D., Schepaschenko, M., Terekhov, A., Tiangwa, A., Vancutsem, C., Vintrou, 
E., Wenbin, W., van der Velde, M., Dunwoody, A., Kraxner, F. and Obersteiner, M. (2015) 
'Mapping global cropland and field size', Global Change Biology, 21(5), pp. 1980-1992. 
Fritz, S., See, L., Perger, C., McCallum, I., Schill, C., Schepaschenko, D., Duerauer, M., Karner, M., 
Dresel, C., Laso-Bayas, J.-C., Lesiv, M., Moorthy, I., Salk, C. F., Danylo, O., Sturn, T., 
Albrecht, F., You, L., Kraxner, F. and Obersteiner, M. (2017) 'A global dataset of 
crowdsourced land cover and land use reference data', Scientific Data, 4, pp. 170075. 
Fuller, R. M., Smith, G. M. and Devereux, B. J. (2003) 'The characterisation and measurement of land 
cover change through remote sensing: problems in operational applications?', International 
Journal of Applied Earth Observation and Geoinformation, 4(3), pp. 243-253. 
Gardner, T. A., Benzie, M., Börner, J., Dawkins, E., Fick, S., Garrett, R., Godar, J., Grimard, A., 
Lake, S., Larsen, R. K., Mardas, N., McDermott, C. L., Meyfroidt, P., Osbeck, M., Persson, 
M., Sembres, T., Suavet, C., Strassburg, B., Trevisan, A., West, C. and Wolvekamp, P. (2018) 
'Transparency and sustainability in global commodity supply chains', World Development. 
Garrett, R. D., Levy, S., Carlson, K. M., Gardner, T. A., Godar, J., Clapp, J., Dauvergne, P., 
Heilmayr, R., le Polain de Waroux, Y., Ayre, B., Barr, R., Døvre, B., Gibbs, H. K., Hall, S., 
 27 
 
Lake, S., Milder, J. C., Rausch, L. L., Rivero, R., Rueda, X., Sarsfield, R., Soares-Filho, B. 
and Villoria, N. (2019) 'Criteria for effective zero-deforestation commitments', Global 
Environmental Change, 54, pp. 135-147. 
Geist, H. J. and Lambin, E. F. (2002) 'Proximate causes and underlying driving forces of tropical 
deforestation', BioScience, 52(2), pp. 143-150. 
Gibbs, H. K., Munger, J., L'Roe, J., Barreto, P., Pereira, R., Christie, M., Amaral, T. and Walker, N. 
F. (2015a) 'Did Ranchers and Slaughterhouses Respond to Zero-Deforestation Agreements in 
the Brazilian Amazon?', Conservation Letters, pp. n/a-n/a. 
Gibbs, H. K., Rausch, L., Munger, J., Schelly, I., Morton, D. C., Noojipady, P., Soares-Filho, B., 
Barreto, P., Micol, L. and Walker, N. F. (2015b) 'Brazil's soy moratorium', Science, 
347(6220), pp. 377-378. 
Gibbs, H. K., Ruesch, A. S., Achard, F., Clayton, M. K., Holmgren, P., Ramankutty, N. and Foley, J. 
A. (2010) 'Tropical forests were the primary sources of new agricultural land in the 1980s and 
1990s', Proceedings of the National Academy of Sciences, 107(38), pp. 16732-16737. 
Giri, C., Pengra, B., Long, J. and Loveland, T. R. (2013) 'Next generation of global land cover 
characterization, mapping, and monitoring', International Journal of Applied Earth 
Observation and Geoinformation, 25, pp. 30-37. 
Godar, J. and Gardner, T. (2019) 'Trade and Land-Use Telecouplings', in Telecoupling: Exploring 
Land-Use Change in a Globalised World. pp. 149-175 [Online]. Version. 
Godar, J., Suavet, C., Gardner, T. A., Dawkins, E. and Meyfroidt, P. (2016) 'Balancing detail and 
scale in assessing transparency to improve the governance of agricultural commodity supply 
chains', Environmental Research Letters, 11(3), pp. 035015. 
Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., Pretty, J., 
Robinson, S., Thomas, S. M. and Toulmin, C. (2010) 'Food Security: The Challenge of 
Feeding 9 Billion People', Science, 327(5967), pp. 812-818. 
Goetz, S. J., Hansen, M., Houghton, R. A., Walker, W., Laporte, N. and Busch, J. (2015) 
'Measurement and monitoring needs, capabilities and potential for addressing reduced 
emissions from deforestation and forest degradation under REDD+', Environmental Research 
Letters, 10(12), pp. 123001. 
Goldstein, J. H., Caldarone, G., Duarte, T. K., Ennaanay, D., Hannahs, N., Mendoza, G., Polasky, S., 
Wolny, S. and Daily, G. C. (2012) 'Integrating ecosystem-service tradeoffs into land-use 
decisions', Proceedings of the National Academy of Sciences, 109(19), pp. 7565-7570. 
Gómez, C., White, J. C. and Wulder, M. A. (2016) 'Optical remotely sensed time series data for land 
cover classification: A review', ISPRS Journal of Photogrammetry and Remote Sensing, 116, 
pp. 55-72. 
Grau, R., Kuemmerle, T. and Macchi, L. (2013) 'Beyond ‘land sparing versus land sharing’: 
environmental heterogeneity, globalization and the balance between agricultural production 
and nature conservation', Current Opinion in Environmental Sustainability, 5(5), pp. 477-483. 
Gregorio, A. D. and Jansen, L. J. M. (2005) Land Cover Classification System. Classification 
concepts and user manual. Software version (2), Part 1, Rome, Italy: FAO. Available at: 
http://www.fao.org/3/y7220e/y7220e06.htm#bm06.2. 
Grekousis, G., Mountrakis, G. and Kavouras, M. (2015) 'An overview of 21 global and 43 regional 
land-cover mapping products', International Journal of Remote Sensing, 36(21), pp. 5309-
5335. 
Grimard, A., Lake, S., Mardas, N., Godar, J. and Gardner, T. (2017) Supply Chain Transparency 
Network: State of play, Stockholm, Sweden:: Global Canopy Programme & Stockholm 
Environment Institute. 
Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A., Tyukavina, A., Thau, D., 
Stehman, S. V., Goetz, S. J., Loveland, T. R., Kommareddy, A., Egorov, A., Chini, L., 
Justice, C. O. and Townshend, J. R. G. (2013) 'High-resolution global maps of 21st-century 
forest cover change', Science, 342(6160), pp. 850-853. 
Harris, N. L., Brown, S., Hagen, S. C., Saatchi, S. S., Petrova, S., Salas, W., Hansen, M. C., Potapov, 
P. V. and Lotsch, A. (2012) 'Baseline Map of Carbon Emissions from Deforestation in 
Tropical Regions', Science, 336(6088), pp. 1573-1576. 
28 
 
Henders, S. and Ostwald, M. (2014) 'Accounting methods for international land-related leakage and 
distant deforestation drivers', Ecological Economics, 99, pp. 21-28. 
Henders, S., Persson, U. M. and Kastner, T. (2015) 'Trading forests: land-use change and carbon 
emissions embodied in production and exports of forest-risk commodities', Environmental 
Research Letters, 10(12), pp. 125012. 
Hertel, T. W. (2018) 'Economic perspectives on land use change and leakage', Environmental 
Research Letters, 13(7), pp. 075012. 
Hosonuma, N., Herold, M., De Sy, V., De Fries, R. S., Brockhaus, M., Verchot, L., Angelsen, A. and 
Romijn, E. (2012) 'An assessment of deforestation and forest degradation drivers in 
developing countries', Environmental Research Letters, 7(4), pp. 044009. 
Hubacek, K. and Feng, K. (2016) 'Comparing apples and oranges: Some confusion about using and 
interpreting physical trade matrices versus multi-regional input–output analysis', Land Use 
Policy, 50(Supplement C), pp. 194-201. 
Hyde, W. F., Amacher, G. S. and Magrath, W. (1996) 'Deforestation and forest land use: Theory, 
evidence, and policy implications', The World Bank Research Observer, 11(2), pp. 223-248. 
IPBES (2019) Global assessment report on biodiversity and ecosystem services of the 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, Bonn, 
Germany: IPBES Secretariat. Available at: https://www.ipbes.net/global-assessment-report-
biodiversity-ecosystem-services. 
IPCC (2006) 2006 IPCC Guidelines for National Greenhouse Gas Inventories, IGES, Japan. 
Available at: http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html. 
Joshi, N., Baumann, M., Ehammer, A., Fensholt, R., Grogan, K., Hostert, P., Jepsen, R. M., 
Kuemmerle, T., Meyfroidt, P., Mitchard, T. E., Reiche, J., Ryan, M. C. and Waske, B. (2016) 
'A Review of the Application of Optical and Radar Remote Sensing Data Fusion to Land Use 
Mapping and Monitoring', Remote Sensing, 8(1). 
Kanemoto, K., Moran, D., Lenzen, M. and Geschke, A. (2014) 'International trade undermines 
national emission reduction targets: New evidence from air pollution', Global Environmental 
Change, 24, pp. 52-59. 
Karstensen, J., Peters, G. P. and Andrew, R. M. (2013) 'Attribution of CO 2 emissions from Brazilian 
deforestation to consumers between 1990 and 2010', Environmental Research Letters, 8(2), 
pp. 024005. 
Kastner, T., Erb, K.-H. and Haberl, H. (2014) 'Rapid growth in agricultural trade: effects on global 
area efficiency and the role of management', Environmental Research Letters, 9(3), pp. 
034015. 
Kastner, T., Erb, K.-H. and Nonhebel, S. (2011a) 'International wood trade and forest change: A 
global analysis', Global Environmental Change, 21(3), pp. 947-956. 
Kastner, T., Kastner, M. and Nonhebel, S. (2011b) 'Tracing distant environmental impacts of 
agricultural products from a consumer perspective', Ecological Economics, 70(6), pp. 1032-
1040. 
Kauppi, P. E., Ausubel, J. H., Fang, J., Mather, A. S., Sedjo, R. A. and Waggoner, P. E. (2006) 
'Returning forests analyzed with the forest identity', Proceedings of the National Academy of 
Sciences, 103(46), pp. 17574-17579. 
Keenan, R. J., Reams, G. A., Achard, F., de Freitas, J. V., Grainger, A. and Lindquist, E. (2015) 
'Dynamics of global forest area: Results from the FAO Global Forest Resources Assessment 
2015', Forest Ecology and Management, 352, pp. 9-20. 
Kehoe, L., Kuemmerle, T., Meyer, C., Levers, C., Václavík, T. and Kreft, H. (2015) 'Global patterns 
of agricultural land-use intensity and vertebrate diversity', Diversity and Distributions, 
21(11), pp. 1308-1318. 
Kim, D.-H., Sexton, J. O., Noojipady, P., Huang, C., Anand, A., Channan, S., Feng, M. and 
Townshend, J. R. (2014) 'Global, Landsat-based forest-cover change from 1990 to 2000', 
Remote Sensing of Environment, 155, pp. 178-193. 
Kitzes, J. (2013) 'An Introduction to Environmentally-Extended Input-Output Analysis', Resources, 
2(4). 
Kuemmerle, T., Erb, K., Meyfroidt, P., Müller, D., Verburg, P. H., Estel, S., Haberl, H., Hostert, P., 
Jepsen, M. R., Kastner, T., Levers, C., Lindner, M., Plutzar, C., Verkerk, P. J., van der 
 29 
 
Zanden, E. H. and Reenberg, A. (2013) 'Challenges and opportunities in mapping land use 
intensity globally', Current Opinion in Environmental Sustainability, 5(5), pp. 484-493. 
Lambin, E. F., Gibbs, H. K., Heilmayr, R., Carlson, K. M., Fleck, L. C., Garrett, R. D., le Polain de 
Waroux, Y., McDermott, C. L., McLaughlin, D., Newton, P., Nolte, C., Pacheco, P., Rausch, 
L. L., Streck, C., Thorlakson, T. and Walker, N. F. (2018) 'The role of supply-chain initiatives 
in reducing deforestation', Nature Climate Change, 8(2), pp. 109-116. 
Lambin, E. F. and Meyfroidt, P. (2011) 'Global land use change, economic globalization, and the 
looming land scarcity', Proceedings of the National Academy of Sciences, 108(9), pp. 3465-
3472. 
Lambin, E. F., Meyfroidt, P., Rueda, X., Blackman, A., Börner, J., Cerutti, P. O., Dietsch, T., 
Jungmann, L., Lamarque, P., Lister, J., Walker, N. F. and Wunder, S. (2014) 'Effectiveness 
and synergies of policy instruments for land use governance in tropical regions', Global 
Environmental Change, 28, pp. 129-140. 
Lapola, D. M., Schaldach, R., Alcamo, J., Bondeau, A., Koch, J., Koelking, C. and Priess, J. A. 
(2010) 'Indirect land-use changes can overcome carbon savings from biofuels in Brazil', 
Proceedings of the National Academy of Sciences, 107(8), pp. 3388-3393. 
Lawrence, D. and Vandecar, K. (2014) 'Effects of tropical deforestation on climate and agriculture', 
Nature Climate Change, 5, pp. 27. 
le Polain de Waroux, Y., Garrett, R. D., Graesser, J., Nolte, C., White, C. and Lambin, E. F. (2017) 
'The Restructuring of South American Soy and Beef Production and Trade Under Changing 
Environmental Regulations', World Development. 
Lenzen, M., Moran, D., Bhaduri, A., Kanemoto, K., Bekchanov, M., Geschke, A. and Foran, B. 
(2013) 'International trade of scarce water', Ecological Economics, 94, pp. 78-85. 
Lenzen, M., Moran, D., Kanemoto, K., Foran, B., Lobefaro, L. and Geschke, A. (2012) 'International 
trade drives biodiversity threats in developing nations', Nature, 486, pp. 109. 
Lenzen, M. and Murray, J. (2010) 'Conceptualising environmental responsibility', Ecological 
Economics, 70(2), pp. 261-270. 
Li, W., MacBean, N., Ciais, P., Defourny, P., Lamarche, C., Bontemps, S., Houghton, R. A. and Peng, 
S. (2018) 'Gross and net land cover changes in the main plant functional types derived from 
the annual ESA CCI land cover maps (1992–2015)', Earth Syst. Sci. Data, 10(1), pp. 219-234. 
Liu, J., Hull, V., Batistella, M., DeFries, R., Dietz, T., Fu, F., Hertel, T. W., Izaurralde, R. C., Lambin, 
E. F., Li, S., Martinelli, L. A., McConnell, W. J., Moran, E. F., Naylor, R., Ouyang, Z., 
Polenske, K. R., Reenberg, A., de Miranda Rocha, G., Simmons, C. S., Verburg, P. H., 
Vitousek, P. M., Zhang, F. and Zhu, C. (2013) 'Framing sustainability in a telecoupled world', 
Ecology and Society, 18(2). 
Lund, H. G. (2006) Definitions of forest, deforestation, afforestation, and reforestation. Forest 
Information Services Gainesville, VA. 
Lutter, S., Pfister, S., Giljum, S., Wieland, H. and Mutel, C. (2016) 'Spatially explicit assessment of 
water embodied in European trade: A product-level multi-regional input-output analysis', 
Global Environmental Change, 38, pp. 171-182. 
MacDonald, G. K., Brauman, K. A., Sun, S., Carlson, K. M., Cassidy, E. S., Gerber, J. S. and West, P. 
C. (2015) 'Rethinking Agricultural Trade Relationships in an Era of Globalization', 
BioScience, 65(3), pp. 275-289. 
Majeau-Bettez, G., Pauliuk, S., Wood, R., Bouman, E. A. and Strømman, A. H. (2016) 'Balance 
issues in input–output analysis: A comment on physical inhomogeneity, aggregation bias, and 
coproduction', Ecological Economics, 126, pp. 188-197. 
Margulies, J. D., Magliocca, N. R., Schmill, M. D. and Ellis, E. C. (2016) 'Ambiguous Geographies: 
Connecting Case Study Knowledge with Global Change Science', Annals of the American 
Association of Geographers, 106(3), pp. 572-596. 
Mather, A. S. (1992) 'The Forest Transition', Area, 24(4), pp. 367-379. 
Mehrabi, Z., Ellis, E. C. and Ramankutty, N. (2018) 'The challenge of feeding the world while 
conserving half the planet', Nature Sustainability, 1(8), pp. 409-412. 
Meyfroidt, P. (2015) 'Approaches and terminology for causal analysis in land systems science', 
Journal of Land Use Science, pp. 1-22. 
30 
 
Meyfroidt, P. (2018) 'Trade-offs between environment and livelihoods: Bridging the global land use 
and food security discussions', Global Food Security. 
Meyfroidt, P. and Lambin, E. F. (2011) 'Global Forest Transition: Prospects for an End to 
Deforestation', Annual Review of Environment and Resources, 36(1), pp. 343-371. 
Meyfroidt, P., Roy Chowdhury, R., de Bremond, A., Ellis, E. C., Erb, K. H., Filatova, T., Garrett, R. 
D., Grove, J. M., Heinimann, A., Kuemmerle, T., Kull, C. A., Lambin, E. F., Landon, Y., le 
Polain de Waroux, Y., Messerli, P., Müller, D., Nielsen, J. Ø., Peterson, G. D., Rodriguez 
García, V., Schlüter, M., Turner, B. L. and Verburg, P. H. (2018) 'Middle-range theories of 
land system change', Global Environmental Change, 53, pp. 52-67. 
Meyfroidt, P., Rudel, T. K. and Lambin, E. F. (2010) 'Forest transitions, trade, and the global 
displacement of land use', Proceedings of the National Academy of Sciences, 107(49), pp. 
20917-20922. 
Miller, R. E. and Blair, P. D. (2009) 'Input-output analysis: foundations and extensions'. 
Minx, J. C., Wiedmann, T., Wood, R., Peters, G. P., Lenzen, M., Owen, A., Scott, K., Barrett, J., 
Hubacek, K., Baiocchi, G., Paul, A., Dawkins, E., Briggs, J., Guan, D., Suh, S. and 
Ackerman, F. (2009) 'INPUT–OUTPUT ANALYSIS AND CARBON FOOTPRINTING: AN 
OVERVIEW OF APPLICATIONS', Economic Systems Research, 21(3), pp. 187-216. 
Mitchard, E. T., Saatchi, S. S., Baccini, A., Asner, G. P., Goetz, S. J., Harris, N. L. and Brown, S. 
(2013) 'Uncertainty in the spatial distribution of tropical forest biomass: a comparison of pan-
tropical maps', Carbon Balance and Management, 8(1), pp. 10. 
Miyake, S., Renouf, M., Peterson, A., McAlpine, C. and Smith, C. (2012) 'Land-use and 
environmental pressures resulting from current and future bioenergy crop expansion: A 
review', Journal of Rural Studies, 28(4), pp. 650-658. 
Monfreda, C., Ramankutty, N. and Foley, J. A. (2008) 'Farming the planet: 2. Geographic distribution 
of crop areas, yields, physiological types, and net primary production in the year 2000', 
Global Biogeochemical Cycles, 22(1), pp. n/a-n/a. 
Moran, D. and Kanemoto, K. (2017) 'Identifying species threat hotspots from global supply chains', 
Nature Ecology &Amp; Evolution, 1, pp. 0023. 
Müller, H., Rufin, P., Griffiths, P., Barros Siqueira, A. J. and Hostert, P. (2015) 'Mining dense 
Landsat time series for separating cropland and pasture in a heterogeneous Brazilian savanna 
landscape', Remote Sensing of Environment, 156, pp. 490-499. 
Munksgaard, J. and Pedersen, K. A. (2001) 'CO2 accounts for open economies: producer or consumer 
responsibility?', Energy Policy, 29(4), pp. 327-334. 
Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B. and Kent, J. (2000) 
'Biodiversity hotspots for conservation priorities', Nature, 403(6772), pp. 853-858. 
Nepstad, D., McGrath, D., Stickler, C., Alencar, A., Azevedo, A., Swette, B., Bezerra, T., DiGiano, 
M., Shimada, J., Seroa da Motta, R., Armijo, E., Castello, L., Brando, P., Hansen, M. C., 
McGrath-Horn, M., Carvalho, O. and Hess, L. (2014) 'Slowing Amazon deforestation through 
public policy and interventions in beef and soy supply chains', Science, 344(6188), pp. 1118-
1123. 
Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior, R. A., Börger, L., Bennett, 
D. J., Choimes, A., Collen, B., Day, J., De Palma, A., Díaz, S., Echeverria-Londoño, S., 
Edgar, M. J., Feldman, A., Garon, M., Harrison, M. L. K., Alhusseini, T., Ingram, D. J., 
Itescu, Y., Kattge, J., Kemp, V., Kirkpatrick, L., Kleyer, M., Correia, D. L. P., Martin, C. D., 
Meiri, S., Novosolov, M., Pan, Y., Phillips, H. R. P., Purves, D. W., Robinson, A., Simpson, 
J., Tuck, S. L., Weiher, E., White, H. J., Ewers, R. M., Mace, G. M., Scharlemann, J. P. W. 
and Purvis, A. (2015) 'Global effects of land use on local terrestrial biodiversity', Nature, 520, 
pp. 45. 
Newton, P., Agrawal, A. and Wollenberg, L. (2013) 'Enhancing the sustainability of commodity 
supply chains in tropical forest and agricultural landscapes', Global Environmental Change, 
23(6), pp. 1761-1772. 
Nobre, C. A., Sampaio, G., Borma, L. S., Castilla-Rubio, J. C., Silva, J. S. and Cardoso, M. (2016) 
'Land-use and climate change risks in the Amazon and the need of a novel sustainable 
development paradigm', Proceedings of the National Academy of Sciences, 113(39), pp. 
10759-10768. 
 31 
 
Oita, A., Malik, A., Kanemoto, K., Geschke, A., Nishijima, S. and Lenzen, M. (2016) 'Substantial 
nitrogen pollution embedded in international trade', Nature Geoscience, 9, pp. 111. 
Olofsson, P., Foody, G. M., Herold, M., Stehman, S. V., Woodcock, C. E. and Wulder, M. A. (2014) 
'Good practices for estimating area and assessing accuracy of land change', Remote Sensing of 
Environment, 148, pp. 42-57. 
Olofsson, P., Foody, G. M., Stehman, S. V. and Woodcock, C. E. (2013) 'Making better use of 
accuracy data in land change studies: Estimating accuracy and area and quantifying 
uncertainty using stratified estimation', Remote Sensing of Environment, 129, pp. 122-131. 
Ostwald, M. and Henders, S. (2014) 'Making two parallel land-use sector debates meet: Carbon 
leakage and indirect land-use change', Land Use Policy, 36, pp. 533-542. 
Pendrill, F. and Persson, U. M. (2017) 'Combining global land cover datasets to quantify agricultural 
expansion into forests in Latin America: Limitations and challenges', PLOS ONE, 12(7). 
Pérez-Hoyos, A., Rembold, F., Kerdiles, H. and Gallego, J. (2017) 'Comparison of Global Land Cover 
Datasets for Cropland Monitoring', Remote Sensing, 9(11), pp. 1118. 
Peters, G. P. (2008) 'From production-based to consumption-based national emission inventories', 
Ecological Economics, 65(1), pp. 13-23. 
Peters, G. P. (2010) 'Policy Update: Managing carbon leakage', Carbon Management, 1(1), pp. 35-37. 
Peters, G. P. and Hertwich, E. G. (2008) 'CO2 Embodied in International Trade with Implications for 
Global Climate Policy', Environmental Science & Technology, 42(5), pp. 1401-1407. 
Peters, G. P., Minx, J. C., Weber, C. L. and Edenhofer, O. (2011) 'Growth in emission transfers via 
international trade from 1990 to 2008', Proceedings of the National Academy of Sciences, 
108(21), pp. 8903-8908. 
Phalan, B., Onial, M., Balmford, A. and Green, R. E. (2011) 'Reconciling Food Production and 
Biodiversity Conservation: Land Sharing and Land Sparing Compared', Science, 333(6047), 
pp. 1289-1291. 
Poore, J. and Nemecek, T. (2018) 'Reducing food’s environmental impacts through producers and 
consumers', Science, 360(6392), pp. 987-992. 
Popp, J., Lakner, Z., Harangi-Rákos, M. and Fári, M. (2014) 'The effect of bioenergy expansion: 
Food, energy, and environment', Renewable and Sustainable Energy Reviews, 32, pp. 559-
578. 
Rautner, M., Leggett, M. and Davis, F. (2013) The little book of big deforestation drivers. 
Richards, P. D., Walker, R. T. and Arima, E. Y. (2014) 'Spatially complex land change: The Indirect 
effect of Brazil's agricultural sector on land use in Amazonia', Global environmental change : 
human and policy dimensions, 29, pp. 1-9. 
Robinson, T. P., Wint, G. R. W., Conchedda, G., Van Boeckel, T. P., Ercoli, V., Palamara, E., 
Cinardi, G., D'Aietti, L., Hay, S. I. and Gilbert, M. (2014) 'Mapping the Global Distribution 
of Livestock', PLoS ONE, 9(5), pp. e96084. 
Rounsevell, M. D. A., Pedroli, B., Erb, K.-H., Gramberger, M., Busck, A. G., Haberl, H., Kristensen, 
S., Kuemmerle, T., Lavorel, S., Lindner, M., Lotze-Campen, H., Metzger, M. J., Murray-
Rust, D., Popp, A., Pérez-Soba, M., Reenberg, A., Vadineanu, A., Verburg, P. H. and 
Wolfslehner, B. (2012) 'Challenges for land system science', Land Use Policy, 29(4), pp. 899-
910. 
Rudel, T. K., Coomes, O. T., Moran, E., Achard, F., Angelsen, A., Xu, J. and Lambin, E. (2005) 
'Forest transitions: towards a global understanding of land use change', Global Environmental 
Change, 15(1), pp. 23-31. 
Saatchi, S. S., Harris, N. L., Brown, S., Lefsky, M., Mitchard, E. T. A., Salas, W., Zutta, B. R., 
Buermann, W., Lewis, S. L., Hagen, S., Petrova, S., White, L., Silman, M. and Morel, A. 
(2011) 'Benchmark map of forest carbon stocks in tropical regions across three continents', 
Proceedings of the National Academy of Sciences, 108(24), pp. 9899-9904. 
Saikku, L., Soimakallio, S. and Pingoud, K. (2012) 'Attributing land-use change carbon emissions to 
exported biomass', Environmental Impact Assessment Review, 37(Supplement C), pp. 47-54. 
Schaffartzik, A., Haberl, H., Kastner, T., Wiedenhofer, D., Eisenmenger, N. and Erb, K. H. (2015) 
'Trading Land: A Review of Approaches to Accounting for Upstream Land Requirements of 
Traded Products', Journal of Industrial Ecology, 19(5), pp. 703-714. 
32 
 
See, L., Fritz, S., You, L., Ramankutty, N., Herrero, M., Justice, C., Becker-Reshef, I., Thornton, P., 
Erb, K., Gong, P., Tang, H., van der Velde, M., Ericksen, P., McCallum, I., Kraxner, F. and 
Obersteiner, M. (2015) 'Improved global cropland data as an essential ingredient for food 
security', Global Food Security, 4, pp. 37-45. 
Sexton, J. O., Noojipady, P., Song, X.-P., Feng, M., Song, D.-X., Kim, D.-H., Anand, A., Huang, C., 
Channan, S., Pimm, S. L. and Townshend, J. R. (2016) 'Conservation policy and the 
measurement of forests', Nature Clim. Change, 6(2), pp. 192-196. 
Song, X.-P., Hansen, M. C., Stehman, S. V., Potapov, P. V., Tyukavina, A., Vermote, E. F. and 
Townshend, J. R. (2018) 'Global land change from 1982 to 2016', Nature. 
Song, X.-P., Potapov, P. V., Krylov, A., King, L., Di Bella, C. M., Hudson, A., Khan, A., Adusei, B., 
Stehman, S. V. and Hansen, M. C. (2017) 'National-scale soybean mapping and area 
estimation in the United States using medium resolution satellite imagery and field survey', 
Remote Sensing of Environment, 190, pp. 383-395. 
Stadler, K., Wood, R., Bulavskaya, T., Södersten, C.-J., Simas, M., Schmidt, S., Usubiaga, A., 
Acosta-Fernández, J., Kuenen, J., Bruckner, M., Giljum, S., Lutter, S., Merciai, S., Schmidt, 
J. H., Theurl, M. C., Plutzar, C., Kastner, T., Eisenmenger, N., Erb, K.-H., de Koning, A. and 
Tukker, A. (2018) 'EXIOBASE 3: Developing a Time Series of Detailed Environmentally 
Extended Multi-Regional Input-Output Tables', Journal of Industrial Ecology, pp. n/a-n/a. 
Steen-Olsen, K., Weinzettel, J., Cranston, G., Ercin, A. E. and Hertwich, E. G. (2012) 'Carbon, Land, 
and Water Footprint Accounts for the European Union: Consumption, Production, and 
Displacements through International Trade', Environmental Science & Technology, 46(20), 
pp. 10883-10891. 
Steininger, K. W., Lininger, C., Meyer, L. H., Munoz, P. and Schinko, T. (2016) 'Multiple carbon 
accounting to support just and effective climate policies', Nature Clim. Change, 6(1), pp. 35-
41. 
Story, M. and Congalton, R. G. (1986) 'Accuracy assessment: a user’s perspective', Photogrammetric 
Engineering and remote sensing, 52(3), pp. 397-399. 
Sunderlin, W. D., Angelsen, A., Belcher, B., Burgers, P., Nasi, R., Santoso, L. and Wunder, S. (2005) 
'Livelihoods, forests, and conservation in developing countries: An Overview', World 
Development, 33(9), pp. 1383-1402. 
Tilman, D., Balzer, C., Hill, J. and Befort, B. L. (2011) 'Global food demand and the sustainable 
intensification of agriculture', Proceedings of the National Academy of Sciences, 108(50), pp. 
20260-20264. 
Tilman, D., Clark, M., Williams, D. R., Kimmel, K., Polasky, S. and Packer, C. (2017) 'Future threats 
to biodiversity and pathways to their prevention', Nature, 546, pp. 73. 
Tropek, R., Sedláček, O., Beck, J., Keil, P., Musilová, Z., Šímová, I. and Storch, D. (2014) 'Comment 
on “High-resolution global maps of 21st-century forest cover change”', Science, 344(6187), 
pp. 981-981. 
Tucker, C. J. (1979) 'Red and photographic infrared linear combinations for monitoring vegetation', 
Remote Sensing of Environment, 8(2), pp. 127-150. 
Tukker, A. and Dietzenbacher, E. (2013) 'Global multiregional input–output frameworks: an 
introduction and outlook', Economic Systems Research, 25(1), pp. 1-19. 
Tukker, A., Giljum, S. and Wood, R. (2018a) 'Recent Progress in Assessment of Resource Efficiency 
and Environmental Impacts Embodied in Trade: An Introduction to this Special Issue', 
Journal of Industrial Ecology, 22(3), pp. 489-501. 
Tukker, A., Koning, A., Owen, A., Lutter, S., Bruckner, M., Giljum, S., Stadler, K., Wood, R. and 
Hoekstra, R. (2018b) 'Towards Robust, Authoritative Assessments of Environmental Impacts 
Embodied in Trade: Current State and Recommendations', Journal of Industrial Ecology, 
22(3), pp. 585-598. 
Tyukavina, A., Baccini, A., Hansen, M. C., Potapov, P. V., Stehman, S. V., Houghton, R. A., Krylov, 
A. M., Turubanova, S. and Goetz, S. J. (2015) 'Aboveground carbon loss in natural and 
managed tropical forests from 2000 to 2012', Environmental Research Letters, 10(7), pp. 
074002. 
 33 
 
UNFCCC Conference of the Parties (COP) (2002) Report of the Conference of the Parties on its 
seventh session, held at Marrakesh from 29 October to 10 November 2001. Addendum. Part 
two: Action taken by the Conference of the Parties. Volume I. 
Verburg, P. H., Crossman, N., Ellis, E. C., Heinimann, A., Hostert, P., Mertz, O., Nagendra, H., Sikor, 
T., Erb, K.-H., Golubiewski, N., Grau, R., Grove, M., Konaté, S., Meyfroidt, P., Parker, D. 
C., Chowdhury, R. R., Shibata, H., Thomson, A. and Zhen, L. (2015) 'Land system science 
and sustainable development of the earth system: A global land project perspective', 
Anthropocene, 12, pp. 29-41. 
Verburg, P. H., Neumann, K. and Nol, L. (2011) 'Challenges in using land use and land cover data for 
global change studies', Global Change Biology, 17(2), pp. 974-989. 
Weinzettel, J., Hertwich, E. G., Peters, G. P., Steen-Olsen, K. and Galli, A. (2013) 'Affluence drives 
the global displacement of land use', Global Environmental Change, 23(2), pp. 433-438. 
Weinzettel, J., Steen-Olsen, K., Hertwich, E. G., Borucke, M. and Galli, A. (2014) 'Ecological 
footprint of nations: Comparison of process analysis, and standard and hybrid multiregional 
input–output analysis', Ecological Economics, 101, pp. 115-126. 
Weinzettel, J. and Wood, R. (2018) 'Environmental Footprints of Agriculture Embodied in 
International Trade: Sensitivity of Harvested Area Footprint of Chinese Exports', Ecological 
Economics, 145, pp. 323-330. 
Wiedmann, T. and Barrett, J. (2013) 'Policy-relevant applications of environmentally extended MRIO 
databases – experiences from the UK', Economic Systems Research, 25(1), pp. 143-156. 
Wiedmann, T., Wilting, H. C., Lenzen, M., Lutter, S. and Palm, V. (2011) 'Quo Vadis MRIO? 
Methodological, data and institutional requirements for multi-region input–output analysis', 
Ecological Economics, 70(11), pp. 1937-1945. 
Wiedmann, T. O., Schandl, H., Lenzen, M., Moran, D., Suh, S., West, J. and Kanemoto, K. (2015) 
'The material footprint of nations', Proceedings of the National Academy of Sciences, 112(20), 
pp. 6271-6276. 
Willett, W., Rockström, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., Garnett, T., Tilman, 
D., DeClerck, F., Wood, A., Jonell, M., Clark, M., Gordon, L. J., Fanzo, J., Hawkes, C., 
Zurayk, R., Rivera, J. A., De Vries, W., Majele Sibanda, L., Afshin, A., Chaudhary, A., 
Herrero, M., Agustina, R., Branca, F., Lartey, A., Fan, S., Crona, B., Fox, E., Bignet, V., 
Troell, M., Lindahl, T., Singh, S., Cornell, S. E., Srinath Reddy, K., Narain, S., Nishtar, S. 
and Murray, C. J. L. (2019) 'Food in the Anthropocene: the EAT&#x2013;<em>Lancet</em> 
Commission on healthy diets from sustainable food systems', The Lancet, 393(10170), pp. 
447-492. 
Wirsenius, S., Azar, C. and Berndes, G. (2010) 'How much land is needed for global food production 
under scenarios of dietary changes and livestock productivity increases in 2030?', 
Agricultural Systems, 103(9), pp. 621-638. 
Wood, R., Grubb, M., Anger-Kraavi, A., Pollitt, H., Rizzo, B., Alexandri, E., Stadler, K., Moran, D., 
Hertwich, E. and Tukker, A. (2019) 'Beyond peak emission transfers: historical impacts of 
globalization and future impacts of climate policies on international emission transfers', 
Climate Policy, pp. 1-14. 
Wood, R., Stadler, K., Bulavskaya, T., Lutter, S., Giljum, S., de Koning, A., Kuenen, J., Schütz, H., 
Acosta-Fernández, J., Usubiaga, A., Simas, M., Ivanova, O., Weinzettel, J., Schmidt, J. H., 
Merciai, S. and Tukker, A. (2015) 'Global Sustainability Accounting—Developing 
EXIOBASE for Multi-Regional Footprint Analysis', Sustainability, 7(1). 
Wood, R., Stadler, K., Simas, M., Bulavskaya, T., Giljum, S., Lutter, S. and Tukker, A. (2018) 
'Growth in Environmental Footprints and Environmental Impacts Embodied in Trade: 
Resource Efficiency Indicators from EXIOBASE3', Journal of Industrial Ecology, 22(3), pp. 
553-564. 
Wulder, M. A., Coops, N. C., Roy, D. P., White, J. C. and Hermosilla, T. (2018) 'Land cover 2.0', 
International Journal of Remote Sensing, 39(12), pp. 4254-4284. 
You, L., Wood-Sichra, U., Fritz, S., Guo, Z., See, L. and Koo, J. (2017) 'Spatial Production Allocation 
Model (SPAM) 2005 v3.2.'. Available at: http://mapspam.info. 
Yu, Y., Feng, K. and Hubacek, K. (2013) 'Tele-connecting local consumption to global land use', 
Global Environmental Change, 23(5), pp. 1178-1186. 
34 
 
Zarin, D. J., Harris, N. L., Baccini, A., Aksenov, D., Hansen, M. C., Azevedo-Ramos, C., Azevedo, 
T., Margono, B. A., Alencar, A. C., Gabris, C., Allegretti, A., Potapov, P., Farina, M., 
Walker, W. S., Shevade, V. S., Loboda, T. V., Turubanova, S. and Tyukavina, A. (2016) 'Can 
carbon emissions from tropical deforestation drop by 50% in 5 years?', Global Change 
Biology, 22(4), pp. 1336-1347. 
Zemp, D. C., Schleussner, C.-F., Barbosa, H. M. J., Hirota, M., Montade, V., Sampaio, G., Staal, A., 
Wang-Erlandsson, L. and Rammig, A. (2017) 'Self-amplified Amazon forest loss due to 
vegetation-atmosphere feedbacks', Nature Communications, 8, pp. 14681. 
Zhang, Q., Jiang, X., Tong, D., Davis, S. J., Zhao, H., Geng, G., Feng, T., Zheng, B., Lu, Z., Streets, 
D. G., Ni, R., Brauer, M., van Donkelaar, A., Martin, R. V., Huo, H., Liu, Z., Pan, D., Kan, 
H., Yan, Y., Lin, J., He, K. and Guan, D. (2017) 'Transboundary health impacts of transported 
global air pollution and international trade', Nature, 543, pp. 705. 
 
